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TRwer Rutages caused by CNteNse stRrLs re\uCre a vast reUaCr RUeratCRN tR restRre URwerY
DurCNg t@ese dCsturbaNce sceNarCRs, reUaCr wRrGers Need a ceIIuIar cRNNectCRN CN Rrder tR
fuIfiII t@eCr wRrG assCgNLeNtsY ?Rwever, t@e ceIIuIar NetwRrG base statCRNs t@at UrRvCde
cRverage tR t@e reUaCr area LCg@t be effected by t@e bIacGRutY T@e reserve batterCes RN t@ese
base statCRNs Iast RNIy a cRuUIe Rf @RursY TR sRIve t@Cs IacG Rf ceIIuIar cRNNectCvCty, reUaCr
crews @ave tR drCve severaI GCIRLetres searc@CNg fRr a wRrGCNg cRNNectCRNY T@Cs deIays t@e
reUaCr UrRcess a great deaIY
T@Cs t@esCs exaLCNes usCNg a drRNe tR sRIve t@Cs cRNNectCvCty UrRbIeLY EveN t@Rug@ t@ere
Cs NR wRrGCNg cRNNectCRN at t@e grRuNd IeveI, a fuNctCRNCNg cRLLuNCcatCRN ICNG cRuId be
ac@Ceved abRve t@e tree tRUs, w@ere t@ere Cs Iess sCgNaI atteNuatCRN frRL trees aNd @CIIsY
WCt@ CNcreased aItCtude, t@e drRNe s@RuId be abIe tR ac@Ceve a ICNeARfAsCg@t cRNNectCRN tR
fart@er away base statCRNs t@at are stCII CN wRrGCNg RrderY T@ese better sCgNaI UrRUagatCRN
cRNdCtCRNs were t@e UreLCse Rf t@Cs studyY T@e UrRURsed sRIutCRN Cs tR attac@ a ceII U@RNe
tR t@e drRNe aNd s@are t@e U@RNe’s ceIIuIar cRNNectCRN as a WCAFC @RtsURt tR t@e reUaCr crew
RN t@e grRuNdY
TR aNaIyse t@e feasCbCICty Rf suc@ a sRIutCRN, a LeasureLeNt caLUaCgN was UerfRrLed CN
ruraI areas CN t@e TCrGaNLaa regCRNY T@e U@RNe attac@ed tR t@e drRNe Leasured ceIIuIar
NetwRrG UaraLeters, suc@ as sCgNaI streNgt@ aNd sCgNaI \uaICtyY T@e UrCLary RbEectCve was
tR researc@ t@e effect Rf aItCtude RN t@ese UerfRrLaNce UaraLetersY AddCtCRNaIIy, aNRt@er
area Rf fRcus was tR study t@e ceII U@RNe’s cRNNectCRN tR dCstaNt base statCRNs t@at are NRt
avaCIabIe at t@e grRuNd IeveIY FRr t@at reasRN, t@e drRNe flew UredeterLCNed, autRNRLRus
flCg@t rRutes arRuNd t@e LeasureLeNt sCtes at aItCtudes Rf 50 L, S00 L, aNd S50 LY DurCNg
t@ese flCg@t Uat@s, t@e U@RNe Leasured t@e UerfRrLaNce Rf 2G GSK, 3G UKTS, aNd 4G
HTE NetwRrGsY
T@e resuIts CNdCcate t@at sCgNaI streNgt@ CNcreases cRNsCderabIy wCt@ CNcreased aItCtudeY BN
t@e aCr, t@e U@RNe @as a 20–30 dB strRNger receCved sCgNaI URwer cRLUared tR t@e grRuNd
IeveIY ?Rwever, at t@e saLe tCLe, sCgNaI \uaICty decreases, as t@e U@RNe suffers CNterfereNce
frRL Rt@er base statCRNsY Furt@erLRre, t@Cs CLUrRveLeNt Rf sCgNaI URwer resuIts CN aN
CNcrease Rf sCgNaI raNgeY T@e U@RNe was abIe tR cRNNect tR base statCRNs teNs Rf GCIRLetres
away frRL t@e LeasureLeNt sCteY T@Cs CNcreased sCgNaI raNge LeaNs t@at t@e reUaCr teaL
Cs abIe tR get a wRrGCNg ceIIuIar cRNNectCRN frRL t@e reUaCr sCte wCt@Rut @avCNg tR IRRG
fRr a sCgNaIY UsCNg a drRNe as a teLURrary access URCNt Cs a vCabIe sRIutCRN CN dCsturbaNce
sceNarCRs aNd warraNts furt@er researc@ RN t@Cs tRUCcY
CC
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Uu@eICNy@teydeN GäyttöGesGuGseeN saadaGseeN tCetRa sä@GöverGRN tCIastaY Sä@GöGatGRs
vRC vaCGuttaa Lyös LatGaUu@eICNverGRN tuGCaseLCCNY MäCdeN tuGCaseLCeN varavCrtaIä@teet
Gestävät vaCN UarC tuNtCaY DRs GRrEausUaCGaIta eC saada y@teyttä GäyttöGesGuGseeN, GRrEaaECeN
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TäLä dCUIRLCtyö tutGCC drRNeN Gäyttöä täLäN RNgeILaN ratGaCseLCseGsCY VaCGGa LaaNUCNA
NaN tasRIIa eC RIe tRCLCvaa LatGaUu@eICNy@teyttä, UuCdeN IatvREeN yIäUuRIeIIa, ERssa Uuut Ea
GuGGuIat eCvät vaCGuta sCgNaaICN vaCLeNtuLCseeN, vRCsC Iöytyä tRCLCva y@teysY FRrGeaIIa
CILassa drRNeN UCtäCsC Uystyä saavuttaLaaN NäGöy@teys GaueLUCNa sCEaCtsevCCN tuGCaseA
LCCN, ERC@CN sä@GöGatGRs eC RIe vaCGuttaNutY TäLäN tutGCLuGseN Iä@töGR@taNa RICvat NäLä
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LaaNtasaIIa RIevCIIe GRrEaaECIIeY
TäLäN ratGaCsuN GäyttöGeIURCsuudeN aNaIysRCLCseGsC suRrCtettCCN LatGaUu@eICNverGRN LCtA
tauGsCa @aEaAasutusaIueCIIa TCrGaNLaaN seuduIIaY DrRNeeN GCCNNCtetty Uu@eICN LCttasC LatGaA
Uu@eICNverGRN UaraLetreEä, GuteN sCgNaaICN vRCLaGGuutta Ea sCgNaaICN IaatuaY ENsCsCEaCseNa
tavRCtteeNa RIC seIvCttää GRrGeudeN vaCGutus NäC@CN suRrCtusGyGyUaraLetreC@CNY TRCNeN
UaCNRUCste RIC tutGCa LatGaUu@eICNy@teyttä GauGaCsCCN tuGCaseLCCN, ERtGa eCvät RIe saatavCIIa
LaaNUCNNaIIaY Tästä syystä drRNe IeNsC eNNaIta LäärättyEä, autRNRLCsCa IeNtRreCtteEä 50 L,
S00 L Ea S50 L GRrGeuGsCssaY MäCdeN IeNtRreCttCeN aCGaNa Uu@eICN LCttasC 2G GSKA, 3G
UKTSA Ea 4G HTE AverGGREeN suRrCtusGyGyäY
TuIRGset RsRCttavat, että sCgNaaICN vRCLaGGuus Gasvaa @uRLattavastC drRNeN GRrGeudeN
NRustessaY BILassa RIevassa Uu@eICLessa RN 20–30 dB va@veLUC vastaaNRttRte@R verratA
tuNa LaaNUCNNaN tasRRNY SaLaNaCGaCsestC sCgNaaICN Iaatu @eCGGeNee, GRsGa Uu@eICN GärsCC
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GaNtaLaN NRusuuNY Tu@eICN UystyC LuRdRstaLaaN y@teyGsCä tuGCaseLCIIe, ERtGa RICvat GyLA
LeNCeN GCIRLetrCeN Uäässä LCttausUaCGaItaY TäLä ICsääNtyNyt sCgNaaICGaNtaLa tarGRCttaa,
että GRrEausry@Lä saa tRCLCvaN LatGaUu@eICNy@teydeN GRrEausUaCGaIta CILaN, että sCgNaaA
ICa tarvCtsee etsCä autRN avuIIaY DrRNeN Gäyttö LatGaUu@eICNverGGREeN GuuIuvuusaIueCdeN
IaaEeNtaLCseGsC URCGGeustCIaNteCssa RN IuUaava ratGaCsu Ea edeIIyttää ICsätutGCLuGsCaY
CCC
PREFACE
T@e researc@ fRr t@Cs t@esCs was UerfRrLed at t@e HabRratRry Rf EIectrRNCcs aNd CRLLuNCcaA
tCRN ENgCNeerCNg at TaLUere UNCversCty Rf Tec@NRIRgyY B wRuId ICGe tR t@aNG Ly suUervCsRr
DRRNas Säe fRr t@e guCdaNce, CNUut, aNd CNvaIuabIe feedbacGY DRRNas UIayed a vCtaI rRIe CN
t@e successfuI cRLUIetCRN Rf t@Cs UrREectY B wRuId aIsR ICGe tR exUress Ly gratCtude tRwards
KCGGR VaIGaLa, w@R, aIRNg wCt@ DRRNas Säe, exaLCNed Ly t@esCs aNd eNabIed aN CNsUCrCNg
atLRsU@ere aNd a great wRrGCNg eNvCrRNLeNt at t@e IabRratRryY
T@e Cdea fRr t@Cs t@esCs RrCgCNated frRL?eCGGC TaaNaNeN frRLEIeNCa Qy, w@R cRLLCssCRNed
t@Cs t@esCsY ?e aIsR acted as t@e cRLUaNy cRNtact UersRNY ?eCGGC gave exceIIeNt advCce,
@eIUed Le set uU t@e CNtervCews, aNd was a UIeasure tR wRrG wCt@Y
B wRuId aIsR ICGe tR t@aNG TRNC HevaNeN fRr t@e advCce aNd CNUut, DuICus TaLLCNeN fRr
@eIUCNg wCt@ t@e LeasureLeNts, RCc@ard WCréN fRr t@e drRNe advCce, Ly wRrG rRRLLates
Du@a YICAFaaGCNeN aNd AIaa HRuIRu fRr t@e guCdaNce aNd Iaug@ter, aNd KarceIR FabCáN
TruECIIR FCerrR fRr UrRvCdCNg Ueer suUURrt fRr t@esCs wrCtCNgY
FCNaIIy, B wRuId ICGe tR t@aNG Ly faLCIy fRr t@e IRve aNd suUURrtY
BN TaLUere, FCNIaNd, RN 24 QctRber 20S8
DarGGR HaaEa
Cv
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S1. INTRODUCTION
BN receNt years, uNLaNNed aerCaI ve@CcIes VUAVsW, t@at Cs, drRNes, @ave beeN used fRr a wCde
raNge Rf cRLLercCaI aNd cCvCI aUUICcatCRNsY AerCaI U@RtRgraU@y, searc@ aNd rescue, gas Rr
RCI UCUeICNe CNsUectCRNs, agrCcuIturaI surveys, CNfrastructure LaCNteNaNce, aNd varCRus Iaw
eNfRrceLeNt aNd LCICtary fuNctCRNs @ave seeN aN CNcrease CN t@e use Rf drRNesY [2O, 4S] As
drRNes are becRLCNg a cRLLRN tRRI fRr LaNy CNdustrCes, Ct Cs CLURrtaNt tR fRcus RN t@eCr
cRNNectCvCty asUectsY
ReceNtIy, a IRt Rf researc@ [S, 4–6, 8, 20, 32, 38, 3O, 43, 46, 47, 54, 56, 5O–6S] @as beeN
fRcusCNg RN usCNg IRNgAterL evRIutCRN VHTEW NetwRrGs tR UrRvCde a reICabIe ICNG fRr drRNe
cRLLaNd aNd cRNtrRI VC2W fuNctCRNsY T@ese @ave beeN studCed CN beyRNdAvCsuaIAICNeARfA
sCg@t VBVHQSW sCtuatCRNs, w@ere t@e drRNe Cs cRNtrRIIed by t@e ceIIuIar NetwRrGY AddCtCRNA
aIIy, drRNes caN be used as adA@Rc base statCRNs CN dCsaster sceNarCRs [SS, S2]Y Furt@erLRre,
[27] @as researc@ed a Lass deUIRyLeNt Rf a fleet Rf drRNes tR UrRvCde cRNNectCvCty tR severaI
UeRUIeY ?Rwever, usCNg drRNes tR exteNd t@e cRverage Rf ceIIuIar NetwRrGs [7, S3] @as NRt
seeN aN e\uaI aLRuNt Rf effRrtY
T@Cs t@esCs exaLCNes usCNg a drRNe as aN access URCNt VATW tR UrRvCde ceIIuIar cRNNectCvCty
tR a sCNgIe user CN eIectrCcaI grCd dCsturbaNce sceNarCRsY T@e UurURse Rf t@Cs t@esCs Cs tR
researc@ drRNes as a way tR exUaNd t@e cRverage Rf ceIIuIar NetwRrGs CN sCtuatCRNs w@ere
NRrLaI ceII cRverage Cs teLURrarCIy uNavaCIabIe Rr Rut Rf reac@Y T@e gRaI Rf t@Cs t@esCs Cs tR
fiNd a sRIutCRN tR ceIIuIar NetwRrG cRNNectCvCty Cssues durCNg dCsturbaNce sceNarCRsY T@Cs
sRIutCRN eNtaCIs attac@CNg a LRbCIe U@RNe tR t@e drRNe, w@Cc@ UrRvCdes ceIIuIar cRNNectCvCty
tR t@e grRuNd wCt@ a WCAFC @RtsURtY ?Cg@er uU CN t@e aCr, t@e drRNe wRuId @ave cRNNectCvCty
tR base statCRNs t@at are NRt avaCIabIe at t@e grRuNd IeveI due tR better sCgNaI UrRUagatCRN
cRNdCtCRNsY TR exaLCNe t@e vaICdCty Rf suc@ a sRIutCRN, a LeasureLeNt caLUaCgN was
carrCed Rut at five IRcatCRNs CN t@e TCrGaNLaa regCRNY T@e LaCN researc@ \uestCRNs were tR
deterLCNe, @Rw dRes sCgNaI streNgt@ CNcrease CN t@e aCr cRLUared tR t@e grRuNd IeveI aNd
w@at effect dRes t@e CNcreased @eCg@t @ave RN sCgNaI \uaICty, sCgNaI raNge, aNd base statCRN
cRNNectCvCtyY T@e scRUe Rf t@Cs t@esCs Cs tR deterLCNe t@e feasCbCICty Rf suc@ a cRNNectCRN
fRr eIectrCcaI grCd reUaCr sceNarCRs aNd tR study t@e UrRUagatCRN c@aracterCstCcs Rf ceIIuIar
NetwRrGs CN varCRus aItCtudesY
22. MOTIVATION
EIeNCa Qy, a FCNNCs@ dCstrCbutCRN systeL RUeratRr VDSQW, cRLLCssCRNed t@Cs t@esCsY EIeNCa
RUerates CN severaI IRcaI dCstrCcts CN SRut@erN aNd CeNtraI FCNIaNd [S6]Y
2.1 Problem statement
ExtreLe weat@er cRNdCtCRNs, suc@ as stRrLs, caN cause eIectrCcaI grCd dCsturbaNce sceNarCRsY
A dCsturbaNce sceNarCR LeaNs a URwer Rutage CN t@e eIectrCcaI grCd caused by trees faIICNg
RN aN Rver@ead URwer ICNe fRr exaLUIeY [53] T@Cs URwer Rutage wCII affect Nearby ceIIuIar
NetwRrG base statCRNs as weIIY T@ese base statCRNs @ave reserve batterCes t@at Iast RNIy a few
@Rurs [23]Y QNce t@e base statCRNs IRse URwer, t@e CLLedCate area caN be Rut Rf ceIIuIar
NetwRrG cRNNectCvCtyY DurCNg t@ese bIacGRuts, DSQs LRbCICze a great NuLber Rf reUaCr
wRrGers aNd e\uCULeNt tR restRre URwer dCstrCbutCRNY
?Rwever, t@e reUaCr wRrGers w@R @ave beeN dCsUatc@ed tR restRre URwer re\uCre a vRCce Rr a
data cRNNectCRN tR a cRNtrRI ceNter t@at Cs cRRrdCNatCNg t@e reUaCrsY T@e reUaCr teaL @as tR
reURrt t@e status Rf t@e reUaCrs, get wRrG Rrders fRr t@e Next tasG, aNd retrCeve CNfRrLatCRN
abRut t@e status Rf t@e eIectrCcaI grCd usCNg LRbCIe NetwRrGsY CurreNtIy, CN Rrder tR gaCN
cRNNectCvCty, t@ey @ave tR drCve severaI GCIRLetres tR aN area t@at @as ceIIuIar cRverageY
T@Cs traveIICNg causes sCgNCficaNt deIays tR t@e eIectrCcaI grCd reUaCrsY FCgure 2YS CIIustrates
t@e UrRbIeL Rf @avCNg tR drCve severaI GCIRLetres frRL t@e reUaCr sCte tR gaCN cRNNectCvCty
tR a ceIIuIar NetwRrGY [36, 5S, 52]
>10 km
Figure 2.1. Problem: searching for a working cellular signal by car during a disturbance
scenario.
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As a sRIutCRN tR t@Cs UrRbIeL, t@Cs t@esCs exaLCNes usCNg a drRNe tR gaCN ceIIuIar cRNNectCvCty
at t@e reUaCr sCteY EveN t@Rug@ t@ere Cs NR ceIIuIar cRverage at grRuNd IeveI, @Cg@er uU,
abRve t@e tree tRU IeveI, t@ere LCg@t be cRverage frRL far away base statCRNs t@at @ave NRt
beeN effected by t@e URwer RutageY T@e @RverCNg drRNe wRuId be abIe tR s@are t@Cs wRrGCNg
ceIIuIar cRNNectCRN tR t@e reUaCr crew wCt@ a WCAFC access URCNt, fRr exaLUIeY T@e reUaCr
wRrGers wRuId @ave access tR a vRCce Rr data cRNNectCRN wCt@Rut @avCNg tR IRRG fRr a sCgNaI
usCNg a carY T@Cs wRuId exUedCte t@e reUaCr RUeratCRN sCgNCficaNtIyY FCgure 2Y2 deUCcts t@e
sRIutCRN Rf usCNg a drRNe as a teLURrary access URCNtY
>20 km
50 m
Figure 2.2. Solution: using a drone to connect to a distant base station to achieve cellular
connectivity.
2.2 Drone usage in electrical grid repair work
TR gaCN CNsCg@t aNd tR deterLCNe t@e curreNt status Rf drRNe usage CN eIectrCcaI grCd reUaCr
wRrG, t@ree CNtervCews were cRNductedY T@e CNtervCewees were URteNtCaI eNd users Rf t@e
UrRURsed sRIutCRN Rr LaNagers CN c@arge Rf drRNe utCICsatCRNY T@e CNtervCew scrCUt caN be
fRuNd CN aUUeNdCx CY
At t@e LRLeNt, drRNes are used fRr CNsUectCNg aerCaI cRLURNeNts, assessCNg t@e daLage tR
Rver@ead URwer ICNes, Rr IRcatCNg t@e reUaCr sCte by usCNg t@e drRNe’s caLeraY A drRNe caN
fiNd t@e reUaCr sCte reIatCveIy \uCcGIy cRLUared tR t@e tradCtCRNaI Let@Rds Rf RN fRRt, by car,
Rr wCt@ a \uad bCGeY T@e advaNtage Cs sCgNCficaNt esUecCaIIy CN @ardAtRAreac@ UIaces, suc@
as CN CsIaNd IRcatCRNsY
Every CNtervCewee reLeLbers a sCtuatCRN, w@ere ceIIuIar cRNNectCvCty was NRt avaCIabIe at
t@e reUaCr sCte aNd a car was used tR searc@ fRr a wRrGCNg ceIIuIar sCgNaIY SR far, t@ere @as
NRt beeN aNy atteLUts tR sRIve t@Cs UrRbIeLY
At UreseNt, t@e use Rf drRNes Cs at a UCIRt stageY QNIy a @aNdfuI Rf reUaCr crews use drRNes CN
t@eCr LaCNteNaNce tasGsY ?Rwever, t@ere are sRLe UIaNs CN UIace tR exUaNd t@e curreNt drRNe
RUeratCRNsY T@eLaCN RbstacIes agaCNst a wCde sUread use Rf drRNes are t@e cRstAeffectCveNess
aNd IegCsIatCRN agaCNst BVHQS flCg@tsY [36, 5S, 52]
43. THEORY AND CONCEPTS
T@e UreLCse Rf t@Cs t@esCs Cs t@at t@e UrRUagatCRN cRNdCtCRNs are LRre favRurabIe abRve t@e
tree tRUs cRLUared tR t@e grRuNd IeveIY A ICNeARfAsCg@t VHQSW UrRUagatCRN betweeN a drRNe
aNd a base statCRN wRuId Rffer Iess atteNuatCRN frRL trees, buCIdCNgs, aNd @CIIsY Furt@erLRre,
a drRNe s@RuId be abIe tR cRNNect tR base statCRNs t@at are furt@er t@aN a LRbCIe U@RNe RN
t@e grRuNd IeveI Cs abIe tRY ?Rwever, LRdeIICNg t@Cs UrRUagatCRN wCt@ exCstCNg Uat@ IRss
LRdeIs LCg@t NRt be accurate because t@ese LRdeIs are RNIy vaICd CN sCtuatCRNs, w@ere t@e
base statCRN VBSW @eCg@t Cs Luc@ @Cg@er t@aN t@e user e\uCULeNt VUEW @eCg@tY T@Cs c@aUter
dCscusses sCgNaI UrRUagatCRN c@aracterCstCcs, bRt@ exCstCNg aNd drRNeAtRAbase statCRN VD2BW
sUecCfic Uat@ IRss LRdeIs, Gey UerfRrLaNce CNdCcatRrs fRr ceIIuIar NetwRrGs, aNd cRNceUts
reIated tR t@Cs UrREectY
3.1 Drone connectivity characteristics
CeIIuIar NetwRrGs are NRt taCIRred fRr aerCaI cRverageY BN Rrder tR reduce CNterfereNce tR
Rt@er ceIIs aNd cRNfiNe t@e cRverage area, base statCRN aNteNNas are RfteN dRwNtCIted [47]Y
AddCtCRNaIIy, sCNce t@e drRNe aItCtude caN RfteN exceed t@e base statCRN aNteNNa @eCg@t,
drRNes LCg@t NRt faII uNder t@e LaCN beaL Rf t@e base statCRNY FCgure 3YS CIIustrates @Rw
t@e sCde IRbe Rf a base statCRN aNteNNa Cs servCNg t@e drRNeY BRt@ t@e LaCN IRbe aNd t@ese
sCde IRbes caN @ave NuII zRNes, w@Cc@ LeaNs t@at t@e cIRsest base statCRN LCg@t NRt UrRvCde
t@e strRNgest sCgNaI tR t@e drRNeY ?Rwever, t@e LRre favRurabIe UrRUagatCRN cRNdCtCRNs
CN t@e aCr LCg@t Rffset t@e reductCRNs CN aNteNNa gaCNY Furt@erLRre, because Rf a Iarge
ICNeARfAsCg@t UrRUagatCRN UrRbabCICty, a drRNe suffers CNterfereNce frRL LRre NeCg@bRrCNg
ceIIs cRLUared tR a grRuNd based UEY T@Cs CNterfereNce caN resuIt CN a URRr dRwNICNG
sCgNaIAtRACNterfereNceAUIusANRCse ratCR VSBMRW cRLUared tR terrestrCaI UEsY T@e drRNe
aIsR @as a URteNtCaI tR cause CNterfereNce tR Rt@er UEs CN t@e uUICNGY T@ese dCffereNces CN
cRverage aNd CNterfereNce c@aracterCstCcs betweeN terrestrCaI aNd aerCaI UEs @ave aN effect
RN drRNe based cRLLuNCcatCRNsY ExCstCNg Uat@ IRss LRdeIs, URwer cRNtrRI Lec@aNCsLs,
aNd @aNdRver UrRcedures, fRr exaLUIe, LCg@t NRt be vaICd fRr aerCaI UEsY [S, 3O]
3.2 Line-of-sight probability
A ICNeARfAsCg@t radCR ICNG @as NR RbstacIes betweeN t@e traNsLCtter aNd receCverY T@at
LeaNs t@at t@e sCgNaI UrRUagates Rver t@e aCr wCt@Rut aNy @CNdraNceY [3O] AccRrdCNg tR [S],
fRr ruraI LacrR VRKaW areas, t@e HQS UrRbabCICty Cs S00X, w@eN t@e aerCaI UE @eCg@t Cs
betweeN 40 L aNd 300 LY FRr urbaN LacrR VUKaW areas, t@e aUUICcabIe UE @eCg@t raNge
Cs betweeN S00 L aNd 300 L tR ac@Ceve a S00X ICNeARfAsCg@t UrRbabCICtyY ?Rwever, t@ese
resuIts @ave assuLed aNteNNa @eCg@ts Rf 25 L fRr urbaN LacrR, aNd 35 L fRr ruraI LacrRY
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Figure 3.1. Drone connectivity characteristics. [39] (© 2018 IEEE)
T@e LeasureLeNt caLUaCgN fRr t@Cs t@esCs was cRNducted CN ruraI LacrR areas wCt@ base
statCRN aNteNNas LRuNted tR Lasts, wCt@ aNteNNa @eCg@ts raNgCNg frRL 50 L tR 70 LY T@e
HQS UrRbabCICty aIsR deUeNds RN t@e dCstaNce betweeN t@e UE aNd t@e base statCRNY As a
resuIt, Ct Cs @Cg@Iy ICGeIy t@at LRst Rf t@e LeasureLeNts were UerfRrLed CN HQS cRNdCtCRNsY
3.3 Path loss models
RadCR wave UrRUagatCRN caN be LRdeIIed wCt@ dCffereNt Uat@ IRss LRdeIsY T@e freeAsUace
Uat@ IRss VFSTHW LRdeI [58] assuLes a HQS cRNNectCRN betweeN twR wCreIess cRLLuNCA
catCRN ICNGsY T@e QGuLuraA?ata LRdeI [33] Cs aN eLUCrCcaI LRdeI based RN reaIAwRrId
LeasureLeNtsY ?Rwever, t@ese UrRUagatCRN LRdeIs were cRNstructed wCt@ data sets t@at
were Leasured RN t@e grRuNd IeveIY GeNeraIIy, t@ey dR NRt taGe CNtR accRuNt t@e receCver
beCNg @Cg@er t@aN t@e traNsLCtterY [56]
A few UrRUagatCRN LRdeIs t@at are LRre suCted fRr cRLLuNCcatCRNs betweeN a base statCRN
aNd drRNe @ave beeN researc@edY T@e 3rd GeNeratCRN TartNers@CU TrREect V3GTTW tec@NCcaI
reURrt TR 36Y777 [S] CNtrRduces LRdeIs fRr bRt@ HQS aNd NRNAICNeARfAsCg@t VMHQSW
cRNdCtCRNs aNd fRr ruraI LacrR, urbaN LacrR, aNd urbaN LCcrR VUKCW sceNarCRsY
3.3.1 Free-space path loss model
FSTH Cs t@e atteNuatCRN Rf eNergy betweeN CsRtrRUCc aNteNNas Leasured CN decCbeIsY Bt Cs
deUeNdeNt RN t@e used carrCer fre\ueNcy aNd t@e dCstaNce betweeN t@e aNteNNasY
𝑃𝐿FSTH = 32.45 + 20 ⋅ IRg10(𝑑GL) + 20 ⋅ IRg10(𝑓cAK?z) , V3YSW
w@ere
𝑑GL Cs dCstaNce VGLW, aNd
𝑓cAK?z Cs fre\ueNcy VK?zWY
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3.3.2 Okumura-Hata model
T@e QGuLuraA?ata LRdeI deUeNds RN t@e aNteNNa @eCg@ts, t@e carrCer fre\ueNcy, aNd t@e
dCstaNce betweeN t@e aNteNNasY Bt Leasures Uat@ IRss CN decCbeIsY
𝑃𝐿QA? = 𝐴 + 𝐵 ⋅ IRg10(𝑑GL) + 𝐶 V3Y2W
w@ere 𝐴, 𝐵, aNd 𝐶 deUeNd RN t@e UE aNteNNa @eCg@t VℎUEW, BS aNteNNa @eCg@t VℎBSW, aNd
carrCer fre\ueNcy V𝑓cWY
𝐴 = 69.55 + 26.16 ⋅ IRg10(𝑓cAK?z) − 13.82 ⋅ IRg10(ℎBS) − 𝑎(ℎUE) V3Y3W
𝐵 = 44.9 − 6.55 ⋅ IRg10(ℎBS) V3Y4W
T@e factRr 𝐶 aNd t@e fuNctCRN 𝑎(ℎUE) are deUeNdeNt RN t@e eNvCrRNLeNtY FRr ruraI areas:
𝐶 = −4.78 ⋅ [IRg10(𝑓cAK?z)]
2 + 18.33 ⋅ IRg10(𝑓cAK?z) − 40.98 , V3Y5W
𝑎(ℎUE) = (1.1 ⋅ IRg10(𝑓cAK?z) − 0.7) ⋅ ℎ𝑈𝐸 − (1.56 ⋅ IRg10(𝑓cAK?z) − 0.8) , V3Y6W
w@ere
𝑑GL Cs dCstaNce VGLW,
𝑓cAK?z Cs fre\ueNcy VK?zW,
ℎUE Cs UE @eCg@t VLW, aNd
ℎBS Cs BS @eCg@t VLWY
Table 3.1. Range of validity of the Okumura-Hata model [42].
dCstaNce 𝑑GL S–20 GL
fre\ueNcy 𝑓cAK?z S50–S500 K?z
UE @eCg@t ℎUE S–S0 L
BS @eCg@t ℎBS 30–200 L
TabIe 3YS descrCbes t@e raNge Rf vaICdCty fRr t@e QGuLuraA?ata LRdeIY EveN t@Rug@ t@e
QGuLuraA?ata LRdeI Cs wCdeIy used CN radCR NetwRrG UIaNNCNg, Ct Cs NRt suCtabIe fRr drRNe
tR base statCRN Uat@ IRss estCLatCRNY BRt@ t@e UE @eCg@t aNd t@e dCstaNce raNges are tRR
ICLCted fRr t@at UurURseY WCt@ UE @eCg@ts Rf 50–S50 L, t@e terL 𝑎(ℎUE) wRuId decrease
t@e RveraII Uat@ IRss tR NegatCve vaIuesY As a resuIt, wCt@Rut aNy adEustLeNts tR t@e Uat@ IRss
LRdeI, Ct Cs RNIy suCtabIe fRr LeasurCNg t@e Uat@ IRss RN t@e grRuNd IeveI fRr cRLUarCsRN
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UurURsesY MRrLaIIy, fRr UE @eCg@ts Rf SY5–S0 L, 𝑎(ℎUE) Cs CN t@e raNge Rf 2Y5–2SY By
reLRvCNg t@e effect Rf 𝑎(ℎUE), t@e Uat@ IRss LRdeI caN be adEusted abRve t@e FSTH LRdeIY
?Rwever, wCt@Rut t@e fuII effect Rf UE @eCg@t tR t@e RveraII Uat@IRss, t@e vaICdCty Rf t@Cs
LRdCficatCRN Cs \uestCRNabIeY
3.3.3 COST Hata model
T@e EurRUeaN cRRUeratCve fRr scCeNtCfic aNd tec@NCcaI researc@ VEURQACQSTW [S0] exteNded
t@e QGuLuraA?ata LRdeI tR cRver t@e fre\ueNcy raNge SY5–2 G?zY T@Cs Cs accRLUICs@ed
by adEustCNg t@e UaraLeters CN e\uatCRN 3Y3 tR t@e fRIIRwCNg:
𝐴 = 46.3 + 33.9 ⋅ IRg10(𝑓cAK?z) − 13.82 ⋅ IRg10(ℎBS) − 𝑎(ℎUE) V3Y7W
3.3.4 3GPP Technical Report model
T@e Uat@ IRss LRdeI CNtrRduced by t@e 3GTT tec@NCcaI reURrt [S] Cs deUeNdeNt RN t@e UE
@eCg@t ℎUE, t@e 3D dCstaNce betweeN t@e UE aNd base statCRN, aNd t@e carrCer fre\ueNcy
𝑓cY FCgure 3Y2 deUCcts t@e varCRus @eCg@ts aNd dCstaNcesY T@e UE @eCg@t ℎUE caN be Iarger,
e\uaI, Rr sLaIIer t@aN t@e base statCRN @eCg@t ℎBSY T@e 3D dCstaNce 𝑑3D caN be caIcuIated as
fRIIRws:
𝑑3D = √(𝑑2D)2 + (ℎUE − ℎBS)2 V3Y8W
FRr t@e LaERrCty Rf t@e cases, 𝑑3D Cs very cIRse tR 𝑑2D, sCNce 𝑑2D >> |(ℎUE − ℎBS)|Y
FRr ruraI LacrR areas, CN HQS cRNdCtCRNs, t@e Uat@ IRss CN decCbeIs Cs:
𝑃𝐿RKaAHQS = Lax(23.9 − 1.8 ⋅ IRg10(ℎUE), 20) ⋅ IRg10(𝑑3DAL)
+ 20 ⋅ IRg10 (
40𝜋𝑓cAG?z
3
) .
V3YOW
AccRrdCNg tR [S], fRr ruraI LacrR areas, t@e HQS UrRbabCICty Cs S00X, w@eN t@e aerCaI UE
@eCg@t ℎUE Cs betweeN 40 L aNd 300 LY TabIe 3Y2 s@Rws t@e aUUICcabCICty raNge Rf t@e
3GTT Uat@ IRss LRdeI fRr RKa HQSY ?Rwever, as evCdeNced by t@e Next sectCRN, Ct cIRseIy
reseLbIes t@e FSTH at certaCN UE aNd BS @eCg@tsY
Table 3.2. 3GPP path loss model applicability range for RMa LOS [1].
dCstaNce 𝑑2D ≤S0 GL
UE @eCg@t ℎUE S0…300 L
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Figure 3.2. 2D and 3D distances for aerial UEs.
3.3.5 Path loss model comparison
EveN t@Rug@t t@e vaICdCty Rf t@ese fRur LRdeIs Cs NRt defiNed fRr t@e saLe cRNdCtCRNs
cRNcerNCNg dCstaNces, @eCg@ts, aNd fre\ueNcCes, Ct Cs stCII Rf CLURrtaNce tR cRLUare @Rw
t@ey LRdeI t@e Uat@ IRss betweeN a drRNe aNd a base statCRNY T@ese caIcuIatCRNs assuLe
t@e fRIIRwCNg UaraLeters:
𝑑2D = S–30 GL,
ℎBS = 60 L,
ℎUE = S00 L, aNd
𝑓c = 800 K?z Rr S800 K?z Y
FCgure 3Y3 deUCcts t@e be@avCRur Rf t@e fRur Uat@ IRss LRdeIs CN regards tR dCstaNce betweeN
t@e UE aNd t@e BS fRr carrCer fre\ueNcCes 𝑓c = 800 K?z aNd 𝑓c = S800 K?zY T@e FSTH
aNd t@e 3GTT LRdeI be@ave very sCLCIarIy wCt@ t@ese UaraLetersY T@at Cs tR be exUected,
sCNce t@e UrRbabCICty Rf a HQS cRNNectCRN Cs @Cg@ wCt@ aN UE @eCg@t Rf S00 L aNd wCt@ a
base statCRN @eCg@t Rf 60 LY T@e LRdCfied QGuLuraA?ata aNd CQST ?ata LRdeIs @ave
beeN adEusted by reLRvCNg t@e effect Rf UE @eCg@t tR t@e RveraII Uat@IRssY
3.4 Key performance indicators
Fey UerfRrLaNce CNdCcatRrs VFTBW fRr ceIIuIar NetwRrGs are used tR RUtCLCse aNd LRNCtRr t@e
UerfRrLaNce Rf t@e NetwRrGY AddCtCRNaIIy, t@ese UerfRrLaNce LetrCcs are used CN @aNdRver
UrRceduresY T@e LRst sCgNCficaNt FTBs CN regards tR t@Cs UrREect are t@e dRwNICNG receCved
URwer aNd sCgNaI \uaICtyY
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Figure 3.3. Path loss comparison between different propagation models.
3.4.1 Received power
FRr aII t@e Leasured tec@NRIRgCes V2G GIRbaI SysteL fRr KRbCIe CRLLuNCcatCRNs VGSKW,
3G UNCversaI KRbCIe TeIecRLLuNCcatCRNs SysteL VUKTSW, aNd 4G HTEW, t@ere are dCfA
fereNt NaLes fRr t@e receCved URwer UaraLeterY FRr GSK, T@e sCgNaI streNgt@ FTB Cs defiNed
as:
𝑅𝑋 𝑙𝑒𝑣𝑒𝑙 𝑓 𝑢𝑙𝑙(dBL) = 𝐸𝐼𝑅𝑃(dBL) − 𝑝𝑎𝑡ℎ 𝑙𝑜𝑠𝑠(dB) ,
w@ere Uat@ IRss LeaNs t@e atteNuatCRN Rf t@e sCgNaI URwer betweeN t@e traNsLCtter aNd t@e
receCver aNd effectCve CsRtrRUCc radCated URwer VEBRTW Cs defiNed as:
𝐸𝐼𝑅𝑃(dBL) = 𝑃TX(dBL) − 𝐿cabIe(dB) + 𝐺aNteNNa(dBC) ,
w@ere 𝑃TX Cs t@e traNsLCtted URwer, 𝐿cabIe Cs t@e cabIe IRss, aNd 𝐺aNteNNa Cs t@e CsRtrRUCc
aNteNNa gaCNY
BN 3G UKTS systeLs, receCved sCgNaI cRde URwer VRSCTW LeaNs t@e Leasured receCved
URwer RN a cRLLRN UCIRt c@aNNeI VCTBC?W traNsLCtted frRL t@e MRdeB [35]Y T@e wRrd
code Cs a refereNce tR scraLbICNg cRdes, w@Cc@ are used tR dCffereNtCate ceIIs CN t@e dRwNICNGY
RefereNce sCgNaI receCved \uaICty VRSRTW Cs t@e e\uCvaIeNt receCved URwer vaIue fRr HTE
NetwRrGsY Bt Cs t@e NarrRwbaNd refereNce sCgNaI URwerY
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3.4.2 Signal quality
SCgNaI \uaICty Cs used tR Leasure t@e \uaICty Rf t@e dRwNICNG sCgNaIY AgaCN, aII t@e tec@A
NRIRgCes Leasure t@Cs FTB CN a dCffereNt LaNNerY FRr GSK, RX quality full reIates tR t@e
average bCt errRr rate VBERW fRr a certaCN tCLe fraLeY T@e UaraLeter 𝐸𝑐/𝑁0, used CN UKTS,
deNRtes receCved eNergy Uer c@CU dCvCded by t@e URwer deNsCty CN t@e baNd [2]Y
𝐸𝑐/𝑁0(dB) =
𝑅𝑆𝐶𝑃(dBL)
𝑅𝑆𝑆𝐼(dBL)
,
w@ere RSSB staNds fRr receCved sCgNaI streNgt@ CNdCcatRr, t@at Cs, t@e dRwNICNG wCdebaNd
receCved URwerY T@e HTE e\uCvaIeNt Cs t@e refereNce sCgNaI receCved \uaICty VRSR[WY Bt
CNdCcates t@e \uaICty Rf t@e refereNce sCgNaIY
𝑅𝑆𝑅𝑄(dB) = 𝑁 ⋅
𝑅𝑆𝑅𝑃(dBL)
𝑅𝑆𝑆𝐼(dBL)
,
w@ere 𝑁 Cs t@e NuLber Rf resRurce bIRcGsY RSSB Cs t@e saLe wCdebaNd receCved URwer as
CN GSK aNd UKTSY Bt caN aIsR be stated as:
𝑅𝑆𝑆𝐼 = servCNg ceII URwer Z CNterfereNce Z NRCse .
AII t@e tec@NRIRgy sUecCfic FTB vaIues are ICsted CN tabIe 3Y3Y
Table 3.3. KPI terms for GSM, UMTS, and LTE.
Technology 2G GSM 3G UMTS 4G LTE
SCgNaI streNgt@ RX IeveI RSCT RSRT
SCgNaI \uaICty RX \uaICty Ec/M0 RSR[
3.5 Frequency bands and handovers
BN ruraI areas, LRst Rf t@e base statCRNs use t@e HTE baNd 20 V800K?zW, UKTS baNd 8 VO00
K?zW, Rr EAGSK VO00 K?zWY FRr urbaN areas, t@ere are @Cg@er fre\ueNcy raNges CN use,
suc@ as t@e HTE baNd 3 VS800 K?zWY Eac@ Rf t@ese fre\ueNcy baNds use fre\ueNcyAdCvCsCRN
duUIexCNg VFDDW, w@ere bRt@ t@e receCver aNd t@e traNsLCtter fuNctCRN at dCffereNt carrCer
fre\ueNcCesY BN Rt@er wRrds, t@e FDD uUICNG aNd FDD dRwNICNG use dCffereNt fre\ueNcy
raNgesY
T@e LeasureLeNts were cRNducted wCt@ tec@NRIRgy IRcGs, t@at Cs, t@e UE was fRrced tR
Leasure RNIy t@e c@RseN radCR tec@NRIRgy VGSK, UKTS, Rr HTEWY T@at LeaNt t@at t@ere
were NR CNterAtec@NRIRgy @aNdRversY KRreRver, eveN t@Rug@ t@e U@RNe was NRt IRcGed tR
a sUecCfic fre\ueNcy raNge, t@e UE exUerCeNced RNIy a few CNterAfre\ueNcy @aNdRvers CN
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HTE NetwRrGsY As RUURsed tR a urbaN eNvCrRNLeNt, ruraI areas UrCLarCIy use t@e IRwer
fre\ueNcCes tR CNcrease sCgNaI raNgeY
SCNce t@e LeasureLeNts were UerfRrLed aIRNg a LRbCICty rRute, w@ere t@e drRNe flCes a
fixed Uat@, @aNdRvers Rccurred LaCNIy because t@e UE LRved away frRL t@e cRverage
area Rf Cts servCNg ceII tR aN area w@ere t@e receCved sCgNaI URwer frRL aNRt@er ceII Cs
@Cg@erY BN LRst cases, @aNdRvers Rccur because Rf receCved sCgNaI URwer Rr sCgNaI \uaICty
LeasureLeNts UerfRrLed by t@e UEY FRr t@e UurURse Rf t@ese FTB LeasureLeNts, t@e UE
LaCNtaCNs ceII ICsts t@at categRrCse ceIIs based RN t@eCr fuNctCRNY T@ese ICsts are used CN t@e
@aNdRver UrRceduresY KRre CNfRrLatCRN abRut t@ese ICsts caN be fRuNd CN t@e Next sectCRNY
3.6 Cellular network terms
GSM cell lists
T@e GSK MeCg@bRur CeII ICst Cs derCved frRL t@e base statCRN CdeNtCty cRde VBSBCW aNd t@e
BCC? AIIRcatCRN VBAW ICstY BSBC Cs used tR dCstCNguCs@ t@e cRAc@aNNeI fre\ueNcy used CN
t@e NeCg@bRrCNg ceIIY T@e brRadcast cRNtrRI c@aNNeI VBCC?W ICst Cs aN CNdex Rf fre\ueNcCes
suUURrted RN t@e NeCg@bRurCNg ceIIsY [SO]
UMTS cell lists
T@e ceIIs are dCvCded CNtR t@ree sets:
SY t@e actCve set CNcIudes every ceII t@at t@e UE Cs tracGCNg fRr sRft @aNdRver VS?QW
UurURses,
2Y t@e NeCg@bRur set CNcIudes every ceII t@at Cs NRt CN t@e curreNt actCve ICst but t@at t@e
UE Cs LRNCtRrCNg wCt@ LeasureLeNts,
3Y t@e detected set CNcIudes every ceII t@at Cs NRt CN eCt@er t@e t@e actCve set Rr t@e
NeCg@bRur set but t@e UE @as detectedY [35]
LTE cell lists
UNICGe CN GSK aNd UKTS systeLs, t@e HTE NetwRrG sCde VevRIved UKTS terrestrCaI
radCR access, VEAUTRAWW, dRes NRt LaCNtaCN a NeCg@bRr ceII ICstY BNstead, t@e UE LRNCtRrs
detected NeCg@bRr ceIIs aNd reURrts t@ese tR Cts servCNg eMBY [34]
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Base station terminology
FCgure 3Y4 aNd tabIe 3Y4 deUCct aII t@e varCRus terLs fRr GSK, UKTS, aNd HTE base statCRNsY
T@e tRU terL reUreseNts t@e tec@NRIRgy sUecCfic base statCRN NaLeY T@e LCddIe terL Cs
used tR dCstCNguCs@ dCffereNt ceIIs frRL eac@ Rt@erY BN UKTS, t@e UrCLary scraLbICNg cRde
VTSCW CN dRwNICNG Cs used tR dCffereNtCate a UartCcuIar ceIIY BN HTE, t@e U@ysCcaI ceII CdeNtCty
VTCBW Cs used fRr t@e saLe UurURseY
2G GSM 3G UMTS 4G LTE
BTS Node B eNode B
BSIC PSC PCI
Figure 3.4. Base station terminology.
Table 3.4. Base station terms for GSM, UMTS, and LTE.
2G GSM 3G UMTS 4G LTE
Base traNsceCver statCRN MRde B EvRIved MRde B
Base statCRN CdeNtCty cRde TrCLary scraLbICNg cRde T@ysCcaI ceII CdeNtCty
S3
4. MEASUREMENT METHODS
T@Cs c@aUter descrCbes t@e varCRus Let@Rds used CN t@e LeasureLeNt caLUaCgNY Bt CNcIudes
@ardware aNd sRftware sUecCficatCRNs, LeasureLeNt aNd LCssCRN UIaNNCNg, sCte seIectCRN
aNd varCRus Rt@er UrRcedures used tR execute t@e drRNe LeasureLeNtsY T@ese LeasureLeNt
Let@Rds were a sCgNCficaNt Uart Rf t@e successfuI cRLUIetCRN Rf t@Cs UrREectY TIaNNCNg,
desCgNCNg, aNd CLUIeLeNtCNg t@e LeasureLeNts IaCd t@e fRuNdatCRN fRr t@e w@RIe UrREectY
4.1 Drone introduction
T@e LeasureLeNts were cRNducted usCNg a DDB BNsUCre 2 [S4] drRNeY T@Cs cRLLercCaIIy
avaCIabIe drRNe Cs CNteNded fRr UrRfessCRNaI U@RtRgraU@ersY ?Rwever, Ct was seIected fRr Cts
reICabCICty aNd UayIRad carryCNg caUacCtyY FRr LeasureLeNt UurURses, a LRbCIe U@RNe @ad
tR be attac@ed tR t@e bRttRL Rf t@e drRNeY FCgure 4YS descrCbes aII t@e drRNe cRLURNeNtsY
Figure 4.1. DJI Inspire 2 components.
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4.1.1 Drone components
T@e drRNe cRNtaCNs severaI seNsRrs, CNcIudCNg twR CNertCaI LeasureLeNt uNCts VBKUsW aNd
twR barRLetersY T@ese seNsRrs are used tR LaNeuver t@e aCrcraft aNd tR Leasure t@e drRNe’s
aItCtude, resUectCveIyY A buCItACN GTS LRduIe @aNdIes t@e NavCgatCRNY A caLera Cs attac@ed
tR a 360° rRtatCNg gCLbaIY T@e drRNe aIsR features fRrward, uUward, aNd dRwNward facCNg
RbstacIe detectCRN aNd avRCdaNce seNsRrs aNd a duaIAbattery systeL fRr added safetyY
T@e DDB BNsUCre 2 @as a bRttRL UIate wCt@ sRLe screw @RIesY ?Rwever, Ct was NRt suCtabIe
fRr UayIRad UurURses wCt@Rut LRdCficatCRNsY T@erefRre, a LRuNtCNg bracGet fRr t@e U@RNe
was LaNufactured by TaLUere UNCversCty Rf Tec@NRIRgy VTUTW TrRHab [57]Y T@Cs bracGet
eNabIed tR LRuNt t@e U@RNe tR t@e drRNe wCt@ a \uCcG reIease systeL sCLCIar tR a bCcycIe
U@RNeLRuNtY T@e LeasureLeNt U@RNe was e\uCUUed wCt@ a ArLRrAX case wCt@ t@e re\uCred
\uCcG reIease IRcGY T@Cs custRL Lade LRuNtCNg bracGet aNd t@e U@RNe wCt@ t@e UrRtectCve
case Cs s@RwN CN figure 4Y2Y
Figure 4.2. Mounting bracket and Samsung Galaxy S8 with the Armor-X case.
4. Measurement Methods S5
4.1.2 Drone capabilities
BN addCtCRN tR t@e UayIRad caUabCICty, safety aNd reICabCICty were t@e reasRNs fRr c@RRsCNg
t@Cs drRNe LRdeI fRr Rur LeasureLeNtsY T@e drRNe uses a cRLbCNatCRN Rf CNfrared aNd
uItrasRNCc seNsRrs fRr RbstacIe detectCRN aNd avRCdaNceY T@ese seNsRrs are facCNg fRrward,
dRwNward, aNd uUwardY AddCtCRNaIIy, t@e duaI battery systeL UrRvCdes reduNdaNcy CN case
Rf a sCNgIe battery faCIureY
T@e returN tR @RLe VRT?W fuNctCRN Rf t@e drRNe was used CN t@e LeasureLeNtsY UsCNg
bRt@ GTS aNd t@e dRwNward facCNg vCsuaI seNsRrs, t@e drRNe recRrds Cts @RLe sURt, t@at
Cs, t@e taGeARff IRcatCRNY After t@e LeasureLeNt LCssCRN Cs Rver, Ct Cs bRt@ faster aNd LRre
cRNveNCeNt tR @ave t@e drRNe returN bacG tR t@e @RLe sURt RN Cts RwNY SRLe UertCNeNt DDB
BNsUCre 2 tec@NCcaI sUecCficatCRNs are ICsted CN tabIe 4YSY
Table 4.1. DJI Inspire 2 technical specifications [14].
KaxCLuL flCg@t tCLe 27 LCN
KaxCLuL taGeRff weCg@t 4250 g
KaxCLuL sUeed O4 GU@
KaxCLuL wCNd sUeed resCstaNce S0 L/s
QUeratCNg teLUerature A20° tR 40° C
4.2 Measurement devices and software
A SaLsuNg GaIaxy S8, ruNNCNg ANdrRCd versCRN 7Y0, was attac@ed tR t@e drRNe aNd used as
a LeasureLeNt devCceY T@e UrCLary LeasureLeNt UrRgraL was MeLR ?aNdy ?aNd@eId
KeasureLeNt SRIutCRNY T@Cs UrRgraL re\uCres custRL firLware RN aN ANdrRCd devCce tR
wRrGY
4.2.1 Bluetooth headset
T@e UrREect exaLCNed twR dCffereNt ways tR CLUIeLeNt t@e cRNNectCRN betweeN t@e U@RNe
attac@ed tR t@e drRNe aNd t@e reUaCr wRrGer RN t@e grRuNdY QNe sRIutCRN was tR use a
BIuetRRt@ @eadset tR eNabIe a vRCce cRNNectCRNY A U@RNe caII cRuId be accRLUICs@ed by
eCt@er a redCaI fuNctCRN Rr by vRCce cRLLaNds suc@ as GRRgIe AssCstaNtY AccRrdCNg tR
Rur tests, a reICabIe BIuetRRt@ cRNNectCRN was feasCbIe as IRNg as t@e raNge was uNder S00
Leters aNd t@e @eadset @ad a ICNeARfAsCg@t cRNNectCRN tR t@e drRNeY ANRt@er RUtCRN Cs tR
use t@e U@RNe t@at Cs cRNNected tR t@e drRNe as a LRbCIe WCAFC @RtsURtY T@Cs eNabIes a
U@RNe RN t@e grRuNd tR @ave a data cRNNectCRNY AddCtCRNaIIy, usCNg VRCce Rver WCAFC
VVRWCFCW tec@NRIRgy, t@Cs Let@Rd eNabIes tR @ave a reguIar vRCce cRNNectCRN Rver t@e
wCreIess NetwRrG as weIIY
4. Measurement Methods S6
4.2.2 Nemo Handy Handheld Measurement Solution
Nemo Handy Handheld Measurement Solution [45] Lade by FeysCg@t Tec@NRIRgCes Cs a
drCve test aNd LeasurCNg tRRI fRr wCreIess NetwRrGs, CNcIudCNg ceIIuIar NetwRrGsY DurCNg
t@e drRNe flCg@t, t@e UrRgraL LRNCtRrs varCRus UaraLeters abRut t@e state Rf t@e ceIIuIar
NetwRrGY T@ese LeasureLeNts are saved tR t@e flas@ stRrage Rf t@e SaLsuNg GaIaxy S8Y BN
Rrder tR gaCN access tR sRLe Rf t@e NetwRrG CNfRrLatCRN, t@e U@RNe Cs ruNNCNg a custRL
firLware [50]Y MeLR ?aNdy @as a IRt Rf features raNgCNg frRL aUUICcatCRN testCNg tR vRCce
\uaICty testCNgY ?Rwever, t@e LRst sCgNCficaNt feature Cs Cts abCICty tR IRcG tR a UartCcuIar
systeL VGSK, UKTS, HTEW, fre\ueNcy baNd, Rr tR a sUecCfic scraLbICNg cRde CN UKTS Rr
tR a TCB CN HTEY W@eN a sUecCfic tec@NRIRgy IRcG Cs actCvated, t@e U@RNe wCII RNIy cRIIect
data, fRr t@at UartCcuIar ceIIuIar tec@NRIRgyY AII t@e LeasureLeNts were UerfRrLed wCt@ t@e
UE IRcGed tR eCt@er a 2G, 3G, Rr 4G tec@NRIRgyY
4.2.3 G-NetTrack Pro
G-NetTrack Pro [28] Lade by GyRGRv SRIutCRNs Cs a sCLCIar drCve test tRRI used fRr radCR
NetwRrG UIaNNCNg aNd RUtCLCzatCRNY CRLUared tR MeLR ?aNdy Ct @as sRLe ICLCtatCRNs
because Ct dRes NRt @ave GerNeI IeveI access tR certaCN CNterfacesY ?Rwever, fRr certaCN
fuNctCRNs, GAMetTracG TrR UrRvCdes better CNfRrLatCRN t@aN MeLR ?aNdyY AddCtCRNaIIy,
Ct dRes NRt re\uCre aN addCtCRNaI UrRgraL tR exURrt t@e LeasureLeNt resuIts as a text fiIeY
Furt@erLRre, t@e UrRgraL geNerates Gey@RIe LarGuU IaNguage VFKHW fiIes t@at caN be
used wCt@ GRRgIe Eart@ TrR [30] tR vCsuaICze t@e LeasureLeNt resuItsY FCgure 4Y3 s@Rws
screeNs@Rts Rf bRt@ LeasureLeNt UrRgraLsY
4.3 Flight software
FICg@t sRftware fRr drRNes Cs used fRr t@e cRLLaNd aNd cRNtrRI Rf t@e aCrcraftY BRt@ flCg@t
sRftware were ruN RN aN AUUIe CTad LCNC 4 tabIet cRNNected tR t@e reLRte cRNtrRIIer VRCW
Rf t@e drRNeY FCgure 4Y4 s@Rws t@e tabIet cRNNected tR t@e reLRte cRNtrRIIerY
4.3.1 DJI GO 4
T@e DJI GO 4 aUUICcatCRN Cs t@e LaNufacturer recRLLeNded flCg@t sRftware fRr LaNuaI
cRLLaNd aNd cRNtrRI Rf t@e drRNeY ?Rwever, Cts autRNRLRus flCg@ts features are NRt as
weII deveIRUedY T@erefRre, aII t@e LeasureLeNt flCg@ts were UerfRrLed wCt@ t@e HCtc@C
aUUICcatCRNY DDB GQ 4 was used fRr IearNCNg @Rw tR fly t@e drRNe, exUerCLeNtCNg wCt@ t@e
settCNgs, aNd cRNductCNg s@Rrter test flCg@tsY T@Cs UrRgraL was aIsR used tR uUdate t@e
firLware Rf aII t@e drRNe cRLURNeNts VaCrcraft, reLRte cRNtrRIIer, caLera, aNd batterCesW
aNd tR caICbrate t@e cRLUass aNd t@e BKU Rf t@e drRNeY A screeN caUture Rf t@e DDB 4 GQ
aUUICcatCRN Cs s@RwN CN figure 4Y5Y
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(a) Nemo Handy. (b) G-NetTrack Pro.
Figure 4.3. Measurement software.
Figure 4.4. iPad mini 4 tablet connected to the remote controller.
4.3.2 Litchi for DJI Mavic / Phantom / Inspire / Spark
T@e Litchi for DJI Mavic / Phantom / Inspire / Spark aUUICcatCRN was used fRr autRNRLRus
flCg@tsY Bt Cs accRLUaNCed by a LCssCRN UIaNNCNg websCte, w@ere detaCIed autRNRLRus
drRNe LCssCRNs caN be desCgNed usCNg a GRRgIe Eart@ based LaU tRRIY T@ese LCssCRNs are
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syNc@rRNCsed tR t@e flCg@t sRftware ruNNCNg RN a sLart devCceY KRre CNfRrLatCRN abRut
LCssCRN UIaNNCNg caN be fRuNd CN sectCRN 4Y4Y4Y FCgure 4Y6 s@Rws t@e HCtc@C aUUICcatCRN
ruNNCNg RN t@e tabIetY
Figure 4.5. DJI GO 4.
Figure 4.6. Litchi for DJI Mavic / Phantom / Inspire / Spark.
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4.4 Measurement plan
T@e UrREect started by aUUIyCNg fRr t@e Necessary UerLCts cRNcerNCNg raCsCNg a ceII U@RNe
tR t@e sGy aNd LeasurCNg ceIIuIar NetwRrGsY T@e secRNd steU was tR deterLCNe t@e IRcaI
flCg@t restrCctCRNs abRut drRNe flCg@t aItCtudes aNd restrCcted fly zRNesY T@e Next steU was tR
deterLCNe aUUrRUrCate sCtes fRr cRNductCNg t@e LeasureLeNtsY After t@at, Ct was tCLe tR
UIaN t@e LCssCRNs CN terLs Rf LeasureLeNt UaraLeters aNd executCRNY T@e Iast steU was tR
UIaN t@e autRNRLRus flCg@tsY
4.4.1 Local legislation, permits, and flight restrictions
Because usCNg a drRNe fRr scCeNtCfic UurURses Cs NRt categRrCsed as a @Rbby actCvCty, Ct was
cIassCfied as a UrRfessCRNaI drRNe RUeratCRNY FRr t@at reasRN, cRLUIyCNg wCt@ t@e reguIatCRNs
set by t@e FCNNCs@ TraNsURrt Safety AgeNcy VTrafiW [25] was LaNdatRryY T@e reguIatCRN
QTS KSA32 [26] gRverNs t@e use Rf reLRteIy UCIRted aCrcraft VRTAW CN FCNIaNdY T@ese
reguIatCRNs dCctate t@e LCNCLuL re\uCreLeNts Rf a UrRfessCRNaI drRNe RUeratCRN:
SY RegCster as a drRNe RUeratRrY
2Y ?ave aN CNsuraNce agaCNst t@Crd Uarty daLageY
3Y AUUIy a stCcGer wCt@ a NaLe aNd cRNtact CNfRrLatCRN tR t@e drRNeY
4Y FeeU a flCg@t ERurNaI fRr aII t@e flCg@tsY
T@e flCg@t ERurNaI eNtaCIs detaCIs abRut every flCg@t, suc@ as tCLe, IRcatCRN, weat@er, UurURse,
aNd descrCUtCRN abRut aNy UrRbIeLs Rr LCs@aUsY T@e ERurNaI @as tR be stRred fRr a LCNCLuL
Rf t@ree yearsY AddCtCRNaIIy, t@e guCdeICNes re\uCre a safety assessLeNt aNd UrRcedures
dRcuLeNt t@at CNvRIves CdeNtCfyCNg aNd assessCNg URssCbIe rCsGs aNd @Rw tR be@ave CN aN
eLergeNcy sCtuatCRNY T@e safety guCdeICNes aNd UreflCg@t c@ecGICst Cs CN aUUeNdCx BY
BN FCNIaNd, Ct Cs CIIegaI tR use aN uNICceNsed radCR traNsLCtter, suc@ as a LRbCIe U@RNe, CN aN
aerCaI ve@CcIeY T@e FCNNCs@ CRLLuNCcatCRNs ReguIatRry Aut@RrCty VFBCQRAW [2S] Cssued a
radCR UerLCt fRr TUT fRr t@e use Rf LeasurCNg ceIIuIar NetwRrGs wCt@ a drRNeY AddCtCRNaIIy,
t@e LRbCIe NetwRrG RUeratRr VKMQW EICsa QyE [S7], gave UerLCssCRN tR use t@eCr ceIIuIar
NetwRrG fRr t@e LeasureLeNtsY
T@ere are restrCctCRNs RN bRt@ t@e aIIRwed flCg@t aItCtudes aNd geRgraU@CcaI areas RN w@ere
tR fly a drRNeY T@ese NRAfly zRNes are LeaNt tR secure crCtCcaI CNfrastructure, suc@ as, URwer
UIaNts, LCICtary bases, aNd RCI refiNerCes [22]Y Furt@erLRre, t@ere are sUecCaI cRNtrRI zRNes
Near aCrURrts [48]Y FCgure 4Y7 deUCcts t@e cRNtrRI zRNes fRr t@e TaLUereATCrGGaIa ACrURrtY
T@e cRIRr cRdes are exUIaCNed CN tabIe 4Y2Y
4.4.2 Technologies and frequency bands
BN Rrder tR evaIuate t@e dCffereNces betweeN varCRus ceIIuIar NetwRrG tec@NRIRgCes, t@e
LeasureLeNts were cRNducted RN EICsa’s 2G GSK, 3G UKTS, aNd 4G HTE NetwRrGsY T@e
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Figure 4.7. The control zones for the Tampere-Pirkkala Airport [55].
Table 4.2. The control zone color codes.
Color code Flight restrictions
Red QNIy wCt@ UerLCssCRN frRL t@e aCr traffic cRNtrRI
YeIIRw KaxCLuL drRNe aItCtude: 50 L
EIsew@ere KaxCLuL drRNe aItCtude: S50 L
LeasureLeNt sRftware, MeLR ?aNdy, Cs caUabIe Rf IRcGCNg tR a sCNgIe systeL tR NarrRw
t@e LeasureLeNts tR a desCred tec@NRIRgyY SCNce t@e LeasureLeNt IRcatCRNs were CN ruraI
areas, LRst Rf t@e Leasured fre\ueNcy baNds were eCt@er 800 K?z VHTEW Rr O00 K?z
VGSK, UKTSWY BN sRLe areas, t@e UE cRNNected tR HTE S800 K?z base statCRNs as weIIY
T@e used fre\ueNcy baNds are s@RwN CN tabIe 4Y3Y
4.4.3 Site selection
T@e crCterCa fRr seIectCNg aUUrRUrCate LeasureLeNt IRcatCRNs were gCveN by t@e UrREect
UartNer, EIeNCaY T@ese UrCNcCUIes were seIected tR sCLuIate t@e cRNdCtCRNs Rf aN actuaI
eIectrCcaI grCd reUaCr sCtuatCRNY T@e LRst CLURrtaNt crCterCa fRr sCte seIectCRN were:
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SY SUarseIy URUuIated areaY
2Y Mext tR a 20 GV Rr a SS0 GV Rver@ead URwer ICNeY
3Y Safe tR flyY
4Y MR rCsG tR UeRUIe, aNCLaIs, Rr tR t@e eNvCrRNLeNtY
AddCtCRNaIIy, t@e IRcatCRNs @ad tR resCde RutsCde t@e TaLUereATCrGGaIa ACrURrt cRNtrRI
zRNe deUCcted CN figure 4Y7, CN Rrder tR fly at aItCtudes Rf Rver 50 LetersY Furt@erLRre, t@e
LeasureLeNt sCtes @ad tR @ave a reIatCveIy easy access by car aNd @ad tR be at a reasRNabIe
traveI dCstaNceY T@e sCtes were seIected UrCLarCIy wCt@ t@e @eIU Rf GRRgIe KaUs [3S],
GRRgIe Eart@ TrR [30], aNd FCNgrCd’s eIectrCc grCd LaU servCce [24]Y UsCNg t@ese tRRIs, t@e
gRaI was tR fiNd a Iarge, reLRte, aNd RUeN area t@at was cIRse tR aN Rver@ead URwer ICNeY
T@e sCte aIsR @ad tR be accessCbIe by a car, w@Cc@ ruIed Rut UrCvateIy RwNed IaNd be@CNd
a gate Rr a barrCerY KRst Rf t@e seIected sCtes were a few year RId tree @arvestCNg areasY
T@e LeasureLeNt IRcatCRNs aNd t@e ACrURrt cRNtrRI zRNe are s@RwN CN figure 4Y8 aNd t@e
LeasureLeNt dates aNd cRRrdCNates are descrCbed CN tabIe 4Y4Y
T@e LeasureLeNt IRcatCRNs were NaLed after t@e Nearest LuNCcCUaICty Rr vCIIageY SRLe
UrCRr researc@ was cRNducted abRut URssCbIe Nearby base statCRNs fRr eac@ LeasureLeNt
sCteY ?Rwever, because t@e data cRNcerNCNg base statCRN IRcatCRNs, ceII RrCeNtatCRN, Rr
aNteNNa @eCg@t Cs NRt UubICc, base statCRN IRcatCRN data was NRt used CN sCte seIectCRNY Due
tR t@e fact t@at aII t@e IRcatCRNs are CN ruraI areas, t@e base statCRN aNteNNa @eCg@ts @ave
beeN assuLed tR be betweeN 50 L aNd 70 L, w@Cc@ Cs cRLLRNUIace CN sUarseIy URUuIated
areasY Because t@e U@ysCcaI CLUIeLeNtatCRN Rf t@e ceIIuIar NetwRrG varCes betweeN t@e
LeasureLeNt IRcatCRNs, cRLUarCNg fRr exaLUIe Uat@ IRss resuIts betweeN dCffereNt sCtes Cs
NRt suCtabIeY ?Rwever, @avCNg five varCRus sURts wCt@ dCfferCNg eNvCrRNLeNts wCII aIIRw tR
draw ICLCted cRNcIusCRNs abRut t@e LeasureLeNt resuItsY
Table 4.3. Measured frequency bands.
Technology Frequency band
GSK O00 K?z
UKTS O00 K?z
HTE 800 K?z
HTE S800 K?z
Table 4.4. Measurement locations, dates, and coordinates.
Location Date Latitude Longitude
TCNsCö 3SY5Y20S8 6SY5766S7 23Y455424
VaIGeaGRsGC S3Y6Y20S8 6SY237533 24YS664O3
QrCvesC 20Y6Y20S8 6SY6S232O 24YS87OS2
MRGCa 27Y6Y20S8 6SY5S64O8 23Y435078
SavRNGyIä S0Y7Y20S8 6SY687474 24Y0S4687
4. Measurement Methods 22
Figure 4.8. Measurement locations.
4.4.4 Mission plan
BNstead Rf dRCNg LeasureLeNts CN t@e saLe URsCtCRN at varCRus aItCtudes, t@e drRNe flew a
LRbCICty rRute arRuNd t@e LeasureLeNt sCteY T@e reasRN fRr t@at was tR estabICs@ a cRNNecA
tCRN tR as LaNy base statCRNs as URssCbIeY BN Rrder tR @ave reUrRducCbIe aNd cRLUarabIe
LeasureLeNts, Ct was Necessary tR UerfRrL t@ese LRbCICty rRutes as autRNRLRus flCg@tsY
T@ese flCg@ts were desCgNed wCt@ t@e Litchi Mission Hub, a GRRgIe KaUs based LCssCRN
UIaNNerY T@e LCssCRNs were UIaNNed tR Iast abRut fRur tR five LCNutes aNd tR be aUUrRxCA
LateIy RNe GCIRLetre CN IeNgt@Y T@e bCggest restrCctCNg factRr CN terLs Rf flCg@t tCLe was
t@e ICLCted battery ICfeY T@ere were fRur UaCrs Rf batterCes CN use aNd a sCNgIe flCg@t wRuId
draCN abRut 20X–30X battery deUeNdCNg RN aItCtude, wCNd sUeed, teLUerature, aNd t@e
tCLe sUeNt RN asceNdCNg tR t@e LCssCRN aItCtude as weII as IaNdCNg t@e drRNeY
After fiNdCNg a suCtabIe IRcatCRN, t@e flCg@t rRute was desCgNed by CNsertCNg wayURCNts wCt@
t@e desCred aItCtude tR t@e GRRgIe KaUs sateIICte CLageY AddCtCRNaIIy, t@e HCtc@C LCssCRN
UIaNNer eNabIes tR c@aNge varCRus flCg@t UaraLeters, suc@ as flCg@t sUeed, drRNe @eadCNg,
curve sCze, aNd caLera fuNctCRNsY Furt@erLRre, t@e c@RCce Rf a @RLe URCNt Vt@at Cs, t@e drRNe
taGe Rff aNd IaNdCNg URCNtW, was CLURrtaNt CN Rrder tR @ave a cRNstaNt vCsuaI ICNeARfAsCg@t tR
t@e drRNeY T@e reguIatCRNs dCctate t@at eCt@er t@e UCIRt Rr a sURtter Lust @ave VHQS tR t@e
drRNe at aII tCLesY FCgure 4YO deUCcts t@e HCtc@C KCssCRN ?ubY
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Figure 4.9. Litchi Mission Hub [40].
4.4.5 Flight plan
TR test t@e effect Rf drRNe aItCtude tR t@e Leasured FTB UaraLeters, t@e saLe flCg@t rRute was
flRwN at aItCtudes Rf 50 L, S00 L, aNd S50 LY T@ese aItCtudes are CN reIatCRN tR t@e grRuNd
IeveI Rf t@e first wayURCNt, w@Cc@ LeaNs t@at t@e drRNe’s dCstaNce tR t@e grRuNd durCNg t@e
flCg@t rRute varCes based RN IaNd eIevatCRNY Due tR t@e fact t@at t@e cRrresURNdCNg rRute RN
t@e surface was RfteN CNaccessCbIe by car Rr RN fRRt, t@e LeasureLeNts were NRt reUeated at
grRuNd IeveIY ?Rwever, ICLCted LeasureLeNts were gat@ered at t@e @RLe URCNt w@eN t@e
U@RNe was at aN aItCtude Rf SY5 LY AII t@e flCg@t rRutes were reUeated fRr eac@ tec@NRIRgy
VGSK, UKTS, aNd HTEW, w@Cc@ e\uaIs NCNe LeasureLeNt flCg@ts CN eac@ IRcatCRN fRr a
tRtaI Rf 45 flCg@tsY SRLe addCtCRNaI flCg@ts were flRwN fRr added data aNd testCNg UurURses,
but t@ey are NRt cRNsCdered CN t@e resuItsY FCgure 4YS0 s@Rws aN exaLUIe Rf t@e actuaICsed
flCg@ts CN t@e SavRNGyIä IRcatCRNY T@e greeN ICNe reUreseNts t@e 50 L flCg@t rRute, t@e yeIIRw
ICNe Cs t@e S00 L flCg@t rRute, aNd t@e red ICNe CIIustrates t@e S50 L flCg@t rRuteY
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Figure 4.10. Autonomous flight routes.
4.5 Measurement sequence
T@e LeasureLeNt se\ueNce fRIIRwed t@Cs Rrder:
SY KaGe a flCg@t NRtCficatCRN usCNg t@e Droneinfo aUUICcatCRN [S5]Y
2Y ScRut t@e area fRr URssCbIe rCsG factRrs Vtrees Rr Rt@er RbstacIes Near t@e flCg@t rRuteWY
3Y DecCde t@e @RLe URCNt IRcatCRN wCt@ a VHQS tR t@e flCg@t rRuteY
4Y Bf Necessary, cIear debrCs aNd vegetatCRN tR guaraNtee a safe IaNdCNg zRNeY
5Y Secure t@e IaNdCNg Uad tR t@e grRuNdY
6Y AsseLbIe t@e drRNe VbatterCes, LRuNtCNg bracGet, caLera, aNd UrRUeIIersWY
7Y CRNNect t@e tabIet tR t@e reLRte cRNtrRIIerY
8Y KaGe sure everyt@CNg Cs UrRUerIy seatedY
OY TRwer uU t@e RC aNd t@e drRNe, aNd IauNc@ t@e flCg@t sRftwareY
S0Y CaICbrate t@e cRLUass Cf NecessaryY
SSY KaGe sure t@at t@e drRNe @as GTS cRNNectCvCty aNd t@at t@e RC Cs cRNNected tR t@e
drRNeY
S2Y FIy a s@Rrt test flCg@t tR eNsure everyt@CNg Cs wRrGCNg UrRUerIy aNd t@at t@e settCNgs
are cRrrectY
S3Y CRNfigure t@e LeasureLeNt sRftware VMeLR ?aNdy Rr GAMetTracG TrRW aNd start t@e
LeasureLeNtsY
S4Y Attac@ t@e U@RNe tR t@e drRNeY
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S5Y FIy t@e first 4G LeasureLeNt at a S50 L aItCtude by startCNg t@e autRNRLRus LCssCRNY
S6Y HaNd t@e drRNe, URwer Ct dRwN, aNd detac@ t@e U@RNeY
S7Y StRU t@e recRrdCNg aNd save t@e LeasureLeNts tR t@e U@RNes CNterNaI stRrageY
S8Y C@aNge t@e batterCes after t@ree flCg@tsY
SOY Restart t@e LeasureLeNt, attac@ t@e U@RNe tR t@e drRNe aNd URwer Ct uUY
20Y ReUeat steUs S5–SO fRr aII t@e aItCtudes aNd tec@NRIRgCes fRr a tRtaI Rf NCNe flCg@tsY
2SY DCsseLbIe aNd UacG everyt@CNg tR t@e carryCNg caseY
T@e DrRNeCNfR aUUICcatCRN, Lade by Trafi, UrRvCdes CNfRrLatCRN abRut LaxCLuL flCg@t
aItCtudes, restrCcted areas, aNd NR drRNe zRNesY CurreNtIy, t@e flCg@t aNNRuNceLeNt Cs NRt
LaNdatRry, but Ct wCII aIert Rt@er drRNe UCIRts abRut yRur flCg@t duratCRN, IRcatCRN, aNd
LaxCLuL aItCtudeY SRLetCLes, due tR a @uLaN errRr Rr aN CNcRrrect drRNe settCNg, flCg@ts
@ad tR be abRrted aNd reUeatedY UsuaIIy, RNe UaCr Rf batterCes was eNRug@ tR cRLUIete aII
t@ree LeasureLeNt flCg@ts CN a sCNgIe tec@NRIRgyY After t@e LeasureLeNt was cRLUIete, t@e
LeasureLeNt fiIes were NaLed wCt@ a Urefix VIRcatCRNW aNd a suffix VLeasureLeNt BDWY T@e
date aNd tCLe Rf t@e flCg@t was aIsR added tR t@e fiIe NaLeY FRr reduNdaNcy, LaNuaI recRrds
Rf flCg@ts were GeUt as weIIY AddCtCRNaI CNfRrLatCRN abRut data @aNdICNg Cs CN sectCRN 5Y4Y
A LRre detaCIed UreflCg@t c@ecGICst aNd safety guCdeICNes caN be fRuNd CN aUUeNdCx BY
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5. DATA COLLECTION AND PROCESSING
T@Cs c@aUter descrCbes data cRIIectCRN Let@Rds fRr flCg@t data, ceIIuIar NetwRrG data, aNd
base statCRN IRcatCRNsY AddCtCRNaIIy, Ct URrtraCts varCRus data LaNCUuIatCRN Let@Rds fRr
structurCNg, reNaLCNg, RrgaNCsCNg, aNd fiIterCNg Rf t@e RrCgCNaI LeasureLeNt dataY
5.1 Flight data collection
T@e UrCLary way fRr retrCevCNg flCg@t teIeLetry data was usCNg t@e Airdata UAV websCte [3]Y
Bt Cs used fRr drRNe data aNd flCg@t aNaIysCsY T@e flCg@t IRgs cRIIected by eCt@er t@e DDB 4 GQ
Rr t@e HCtc@C flCg@t aUUICcatCRN are syNc@rRNCsed tR t@e ACrdata UAV servCceY AddCtCRNaIIy,
t@e drRNe cRIIects detaCIed flCg@t IRgs tR Cts LCcrRSD cardY T@Cs data caN be retrCeved by t@e
DJI Assistant 2 sRftwareY
5.1.1 Airdata UAV
ACrdata UAV UrRcesses t@e IRg fiIes aNd RrgaNCses aNd vCsuaICses t@e data tR aN easCIy
uNderstRRd fRrLatY T@Cs teIeLetry data CNcIudes CNfRrLatCRN, suc@ as battery CNfR, aItCtude,
flCg@t tCLe, teLUerature, flCg@t dCstaNce, GTS data, aNd seNsRr dataY ?Rwever, t@e LRst
CLURrtaNt feature Cs t@e abCICty tR dRwNIRad t@Cs data CN a CSV fRrLat fRr furt@er aNaIysCsY
T@ere Cs aIsR aN RUtCRN tR dRwNIRad t@e flCg@t rRute as a FKH fiIe tR use wCt@ GRRgIe Eart@Y
FCgure 5YS s@Rws a screeNs@Rt Rf t@e ACrdata UAV servCceY
5.1.2 DJI Assistant 2
DDB AssCstaNt 2 Cs used fRr uUdatCNg t@e firLware Rf t@e drRNe cRLURNeNts aNd flCg@t
data vCsuaICsatCRN aNd retrCevaIY CRLUared tR t@e IRgs geNerated by t@e flCg@t sRftware,
Ct UrRvCdes Luc@ LRre detaCIed CNfRrLatCRN at a @Cg@er saLUICNg fre\ueNcyY T@Cs data
cRNtaCNs LRre cRLUre@eNsCve BKU CNfRrLatCRNY Bts UrCLary UurURse Cs tR act as a bIacG bRx
CN case Rf accCdeNts Rr drRNe LaIfuNctCRNsY T@erefRre, t@e addCtCRNaI data Cs NRt reIevaNt
fRr t@e UurURses Rf t@Cs UrREectY Furt@erLRre, t@e IRg fiIes created by t@e drRNe are CN a
UrRUrCetary fRrLat t@at re\uCres addCtCRNaI sRftware tR cRNvert CNtR a CSV fiIeY
5.2 Cellular network data collection
CeIIuIar NetwRrG FTB data was cRIIected wCt@ twR drCve test tRRIs fRr LeasurCNg wCreIess
NetwRrGs: MeLR?aNdy aNd GAMetTracG TrRY BRt@ UrRgraLs recRrd a NuLber Rf UaraLeters
aNd UrRduce text fiIes fRr furt@er aNaIysCsY
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Figure 5.1. Airdata UAV flight log service.
5.2.1 Nemo Handy
Nemo Handy @as severaI RUtCRNs fRr LeasurCNg ceIIuIar NetwRrGsY Bt caN IRcG CNtR a sUecCfic
tec@NRIRgy, fre\ueNcy baNd, Rr a TCB CN HTE Rr a scraLbICNg cRde CN UKTSY SCNce t@e
CNfRrLatCRN abRut dCffereNt base statCRNs aNd @aNdRvers was Rf CNterest, t@e U@RNe was
IRcGed tR use eCt@er GSK, UKTS, Rr HTE fRr t@e duratCRN Rf a sCNgIe flCg@tY Because
t@Cs IRcG fRrces t@e U@RNe tR RNIy use a UartCcuIar tec@NRIRgy, t@e settCNg effects t@e Rt@er
LeasureLeNt UrRgraL as weIIY FCgure 5Y2a deUCcts t@e systeL fRrcCNg settCNgs Rf MeLR
?aNdyY
5.2.2 G-NetTrack
G-NetTrack Cs a LRre streaLICNed LeasureLeNt aUUICcatCRN t@aN MeLR ?aNdyY Bts UrCLary
fuNctCRN was tR act as a secRNdary sRurce Rf CNfRrLatCRN fRr reduNdaNcy UurURsesY AddCA
tCRNaIIy, CN sRLe cases, Ct Rffered better CNfRrLatCRN abRut base statCRN CdeNtCficatCRN dataY
ANRt@er usefuI feature Cs t@e autRLated creatCRN Rf FKH fiIes fRr dCsUIayCNg t@e Leasured
vaIues vCsuaIIyY T@e vCsuaICsatCRN Rf servCNg base statCRNs caN be fRuNd CN t@e resuIts sectCRN
CN figure 6Y2Y FCgure 5Y2b deUCcts t@e drCve test tab Rf GAMetTracG TrRY
5.3 Determining base station locations
Due tR t@e fact t@at t@e base statCRN data cRNcerNCNg IRcatCRN, sectRrs, aNd aNteNNa @eCg@t Cs
UrRUrCetary CNfRrLatCRN, Rt@er LeaNs Rf deterLCNCNg t@e base statCRN sCtes @ad tR be exUIRredY
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(a) Nemo Handy LTE lock. (b) G-NetTrack Pro drive tab.
Figure 5.2. Drive test tools.
T@Cs UrREect used t@ree tRRIs fRr dCscRverCNg t@e base statCRN IRcatCRNs: CeIIKaUUer [O],
GRRgIe Eart@ TrR, aNd a Last LaU [37]Y
FRr t@e base statCRN IRcatCRN data, GAMetTracG TrR UrRvCded better CNfRrLatCRN t@aN MeLR
?aNdyY MeLR ?aNdy uses a IRNg ceII BD VHCBDW w@CIe GAMetTracG recRrds t@e data usCNg
a s@Rrt ceII BD VCBDW fRr GSK ceII CdeNtCficatCRNY T@e HCBD cRNtaCNs CNfRrLatCRN abRut
bRt@ t@e RMC VRadCR MetwRrG CRNtrRIIerW aNd t@e CBD [4O]Y TR RbtaCN t@e CeII BD, t@e
fRIIRwCNg caIcuIatCRN Cs re\uCred:
𝐶𝐼𝐷 = 𝐿𝐶𝐼𝐷 mod 65536 .
5.3.1 CellMapper
CellMapper Cs a crRwdsRurced servCce fRr IRcatCNg base statCRNs CN 2G, 3G, aNd 4G NetwRrGsY
UsCNg aN aUUICcatCRN RN t@eCr LRbCIe devCce, eNd users cRIIect ceIIuIar NetwRrG data tR be
seNt tR t@e CeIIKaUUer serversY T@Cs user cRIIected data Cs utCICzed tR aUUrRxCLate base
statCRN IRcatCRNs aNd t@eCr cRverageY T@e servCce aIsR estCLates ceII dCrectCRNsY T@e accuracy
Rf t@ese base statCRN IRcatCRNs deUeNds RN t@e tec@NRIRgy, aLRuNt Rf user cRNtrCbutCRNs, aNd
t@e area tyUeY MRwadays, LRst users UrCLarCIy use HTE NetwRrGs, w@Cc@ LeaNs t@e LaERrCty
Rf t@e cRIIected data Cs frRL 4G base statCRNsY T@Cs resuIts CN 4G base statCRN IRcatCRNs
usuaIIy beCNg LRre accurate t@aN t@e IRcatCRN Rf 3G Rr 2G base statCRNsY AddCtCRNaIIy, ruraI
IRcatCRNs wCt@ fewer RbstacIes betweeN t@e U@RNe aNd t@e base statCRN @as LRre accurate
IRcatCRN data t@aN urbaN areasY [O] FCgure 5Y3 s@Rws aN exaLUIe Rf t@e CeIIKaUUer servCceY
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Figure 5.3. CellMapper, a base station location service.
T@e UrRcess Rf deterLCNCNg t@e base statCRNs t@at t@e LeasureLeNt U@RNe was cRNNected
tR, was dCffereNt fRr eac@ tec@NRIRgyY FRr HTE NetwRrGs, RNIy t@e eMB BD was re\uCred tR
IRcate t@e base statCRNY As fRr UKTS NetwRrGs, twR UCeces Rf data was Needed tR UCNURCNt
t@e base statCRN IRcatCRNY CeIIKaUUer @as a ”TRwer Searc@” fuNctCRN t@at searc@es wCt@ t@e
tec@NRIRgy sUecCfic base statCRN BD VBTS BD, MB BD, Rr eMB BDW, aNd a ”BSBC/TCB/TSC
Searc@” VBase StatCRN BdeNtCty CRde, T@ysCcaI CeII BdeNtCty, TrCLary ScraLbICNg CRdeW
fuNctCRN t@at ICsts aII t@e base statCRNs assRcCated wCt@ t@e searc@ed UaraLeterY UsCNg eCt@er
Rf t@e t@ese searc@ fuNctCRNs aNd NarrRwCNg t@e searc@ resuIts wCt@ t@e Rt@er UaraLeter,
deterLCNCNg t@e base statCRN IRcatCRNs was reIatCveIy straCg@tfRrwardY BN rare cases, w@ere
CeIIKaUUer dCd NRt @ave sufficCeNt data Rr t@e CNdCcated URsCtCRN was NRt reaICstCc, t@Rse
base statCRN IRcatCRNs wRuId be RLCtted frRL t@e resuItsY
FRr GSK NetwRrGs, @Rwever, t@e Let@Rd was NRt as sCLUIeY MeCt@er LeasureLeNt UrRgraL
recRrded t@e BSBC dataY T@erefRre, 2G base statCRNs @ad tR be fRuNd RNIy wCt@ t@e BTS
BDY T@Cs was UerfRrLed wCt@ a trCaIAaNdAerrRr Let@RdY After CNUuttCNg a BTS BD NuLber,
CeIIKaUUer wRuId UrRvCde a ICst Rf aII t@e base statCRNs t@at cRrresURNd tR t@at NuLberY
T@e LRst ICGeIy c@RCce was deterLCNed by LaNuaIIy c@ecGCNg t@e IRcatCRN Rf eac@ base
statCRNY AgaCN, Cf CeIIKaUUer dCd NRt UrRvCde reICabIe data, t@e resuIts wRuId be CgNRredY
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5.3.2 Google Earth Pro and a mast map
TR verCfy t@e resuIts Rf t@e CeIIKaUUer base statCRN IRcatCRNs, bRt@ GRRgIe Eart@ TrR aNd a
Last LaU was used as a verCficatCRN Let@RdY T@e Last LaU was used tR verCfy t@at t@e base
statCRN IRcatCRNs were IRcated RN a Last URsCtCRNY SCNce t@e LaERrCty Rf base statCRNs CN ruraI
areas are IRcated CN Lasts, Ct Cs reasRNabIe tR assuLe t@at Cf t@e base statCRN cRRrdCNates
UrRvCded by CeIIKaUUer are very cIRse tR a Last sCte, t@e actuaI aNteNNa IRcatCRN resCdes CN
t@at LastY GRRgIe Eart@ TrR was used as a t@Crd Iayer Rf reduNdaNcy tR vCsuaIIy c@ecG Cf
t@e sateIICte CLage Rf t@e UIace CN \uestCRN cRNtaCNs a base statCRNY
5.4 Data processing
T@e URstAUrRcessCNg aNd LaNCUuIatCRN Rf t@e Leasured data was Necessary fRr LaNy reasRNsY
FCrstIy, t@e data gat@ered by MeLR ?aNdy was CN a UrRUrCetary fRrLat t@at @ad tR be
cRNverted tR a fiIe fRrLat t@at cRuId be UrRcessed aNd aNaIyzedY AddCtCRNaIIy, a teLUIate
was aUUICed tR fiIter aII t@e uNNecessary fieIds Rut Rf t@e LeasureLeNt data tR acceIerate
t@e URstAUrRcessCNg UrRcedureY SecRNdIy, t@ere were at Ieast t@ree dCffereNt sRurces Rf
data fRr eac@ LeasureLeNt VMeLR ?aNdy, GAMetTracG TrR, aNd t@e flCg@t teIeLetry data
frRL ACrdata UAVW t@at aII used dCffereNt UaraLeter NaLCNg sc@eLes, tCLe zRNes, aNd fiIe
NaLe structuresY TR easCIy CdeNtCfy w@Cc@ resuIt beIRNged tR w@Cc@ flCg@t, we used a uNC\ue
flCg@t CdeNtCfier tR categRrCse eac@ fiIeY FCNaIIy, KatIab was used fRr data UrRcessCNg aNd
vCsuaICsatCRNY
5.4.1 Nemo Outdoor
SCLCIarIy tR MeLR ?aNdy, MeLR QutdRRr Cs aIsR a drCve test tRRI fRr desGtRU cRLUuters
aNd IaUtRUsY Bt caN exURrt t@e MeLR fiIe fRrLat VMKFW fRrLatted LeasureLeNt fiIes tR CSV
fiIesY Bt caN aIsR aNaIyse t@e LeasureLeNt fiIes wCt@ dCffereNt wRrGsUace RUtCRNsY FCgure 5Y4
CIIustrates t@e aNaIysCs Uart Rf t@e UrRgraLY
Figure 5.4. Nemo Outdoor analyser.
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T@e aLRuNt Rf data fieIds CN t@e RrCgCNaI MKF fiIes Cs CLLeNseY T@ere are 232S varCabIes
CN t@e fuII LeasureLeNt IRgsY T@ese varCabIes CNcIude fieIds fRr a great NuLber Rf wCreIess
tec@NRIRgCesY ?Rwever, t@e vast LaERrCty Rf t@ese fieIds are eLUtyY BN Rrder tR ICLCt t@e
aLRuNt Rf data tR RNIy t@e Necessary fieIds, a teLUIate was aUUICed tR t@e fuII LeasureLeNt
fiIeY T@Cs teLUIate weNt \uCte a NuLber Rf CteratCRNs based RN t@e resuIts CNdCvCduaI fieIds
UrRvCdedY BNCtCaIIy, Ct CNcIuded aILRst every ceIIuIar NetwRrG UaraLeter but uItCLateIy, Ct
was reduced tR RNIy 22 fieIdsY FCgure 5Y5 s@Rws t@e teLUIate varCabIesY
Figure 5.5. Nemo Outdoor template parameters.
5.4.2 Matlab
KatIab was aN CLURrtaNt tRRI CN restructurCNg, RrgaNCsCNg, UrRcessCNg, aNd vCsuaICsCNg t@e
dataY T@e first steU was tR read t@e CSV fiIes tR data structuresY SRLe Rf t@e fieIds were
sUICt Rr reNaLed fRr t@e saGe Rf cRNsCsteNcyY AddCtCRNaIIy, t@e tCLe zRNes @ad tR be adEusted
tR IRcaI tCLe aNd t@e date aNd tCLe fRrLat was uNCfiedY T@e data structures were t@eN sUICt
CNtR sLaIIer subsets VfRr exaLUIe, grRuNd data aNd wayURCNt dataW fRr better accessCbCICtyY
T@e flCg@t aItCtude aNd t@e Leasured tec@NRIRgy were extracted frRL t@e data aNd added
as LRdCfiersY FCNaIIy, after a IRt Rf RrgaNCsCNg aNd UrRcessCNg, every LeasureLeNt set was
saved as a KAT Va fiIe fRrLat used by KatIabW fiIe wCt@ t@e aUUrRUrCate fiIe CdeNtCfierY
5.4.3 Data processing overview
FCgure 5Y6 deUCcts t@e data UrRcessCNg flRwc@art aNd figure 5Y7 s@Rws t@e flRwc@art Rf
deterLCNCNg base statCRN IRcatCRNsY T@ese UrRcesses were refiNed aNd Cterated LuItCUIe
tCLes tR streaLICNe t@e efficCeNcy Rf data cRIIectCRN aNd UrRcessCNgY
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Figure 5.6. Data processing flowchart.
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Figure 5.7. Base station location process.
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6. MEASUREMENT RESULTS AND ANALYSIS
As Uer t@e gRaIs Rf t@Cs t@esCs, t@e LeasureLeNt resuIts fRcus RN t@ree LaCN attrCbutes: sCgNaI
streNgt@, sCgNaI \uaICty, aNd sCgNaI raNgeY SRLe aNaIysCs Cs aIsR dRNe RN @aNdRversY FRr
eac@ LeasureLeNt IRcatCRN, RNIy a few figures @ave beeN c@RseN fRr furt@er aNaIysCsY T@e
cRLUIete resuIts are avaCIabIe CN aUUeNdCx AY T@Cs c@aUter aIsR cRLUares t@e LeasureLeNt
resuIts agaCNst GNRwN Uat@ IRss LRdeIsY Furt@erLRre, a LRre detaCIed aNaIysCs abRut t@e
RveraII resuIts caN be fRuNd CN c@aUter 6Y2Y
6.1 Measurement results
CRLUarCNg t@e resuIts betweeN t@e dCffereNt tec@NRIRgCes Cs NRt t@at reIevaNt, sCNce t@ey @ave
dCffereNt defiNCtCRNs fRr sCgNaI URwer aNd \uaICtyY KRreRver, aII t@e UaraLeters effectCNg t@e
resuIts Vbase statCRN IRcatCRNs, aNteNNa cRNfiguratCRN, UrRUagatCRN cRNdCtCRNs, aNd NetwRrG
UaraLetersW are dCffereNt betweeN t@e LeasureLeNt sCtesY FRr every LeasureLeNt IRcatCRN,
t@e resuIts Rf a few LeasureLeNts are aNaIyzed LRre carefuIIyY AddCtCRNaIIy, a sCNgIe CLage
deUCcts t@e base statCRN raNges t@at t@e UE was cRNNected tRY FRr sRLe sCtes, t@ere Cs
aN addCtCRNaI CLage fRr base statCRN cRNNectCvCty at t@e grRuNd IeveIY T@ese resuIts are
s@RwN wCt@ a LaU servCce frRL t@e MatCRNaI HaNd Survey Rf FCNIaNd [44]Y ?Rwever, t@Cs
cRLUarCsRN Cs NRt cRLUIeteIy accurate, sCNce t@e grRuNd LeasureLeNt @ave beeN RbtaCNed
Near t@e drRNe IaNdCNg zRNeY SCNce t@e terraCN was \uCte CLUassabIe RN fRRt Rr wCt@ a car, Ct
was NRt feasCbIe tR reUeat t@e LRbCICty rRutes RN t@e grRuNd IeveIY T@Cs cRLUarCsRN stCII
s@Rws t@e effect Rf UE aItCtude tR t@e URssCbIe sCgNaI raNgeY
Furt@erLRre, aII Rf t@ese resuIts @ave beeN RbtaCNed CN NRrLaI cRNdCtCRNs, w@ere t@e ceIIuIar
NetwRrG Cs RUeratCNg wCt@Rut aNy dCsruUtCRNsY BN eIectrCcaI grCd dCsturbaNce sceNarCRs, t@e
resuIts LCg@t vary cRNsCderabIyY FRr exaLUIe, Cf t@e Nearby base statCRNs are CNRUerabIe,
t@e UE LCg@t cRNNect tR furt@er base statCRNs LRre easCIyY T@Cs Cs because t@e Nearby base
statCRN sCgNaI wRuId NRt CNterfere wCt@ t@e sCgNaIs frRL Rt@er, LRre dCstaNt, base statCRNsY
TabIe 6YS deUCcts t@e cRIRr IegeNds used CN t@e figuresY BIue reUreseNts drRNe aItCtude, red
cRrresURNds tR sCgNaI streNgt@, greeN LeaNs sCgNaI \uaICty, aNd UurUIe serves as @aNdRversY
FRr t@e saGe Rf cIarCty, TCB, TSC, aNd BTS CdeNtCfiers @ave beeN sCLUICfied, t@at Cs, t@eCr
vaIues @ave beeN reUIaced wCt@ NaturaI NuLbersY T@ere are NR sCgNaI \uaICty resuIts fRr
GSK LeasureLeNts because t@e 2G \uaICty LeasureLeNts are NRt recRrded by eCt@er Rf
t@e drCve test tRRIsY
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Table 6.1. Measurement figure color legend.
Color Attribute
BIue DrRNe aItCtude VLW
Red SCgNaI streNgt@ VdBLW
GreeN SCgNaI \uaICty VdBW
TurUIe ?aNdRvers
6.1.1 Pinsiö
KPI results
FCgure 6YS deUCcts t@e resuIts Rf t@e TCNsCö 4G LeasureLeNts at S50 L aItCtudeY T@e
autRNRLRus LCssCRN start aNd stRU tCLes @ave beeN CNdCcated wCt@ arrRwsY UsuaIIy, t@e
LCssCRN begCNs w@eN t@e drRNe @as reac@ed Cts LCssCRN aItCtude VeCt@er 50 L, S00 L, Rr
S50 LW aNd eNds s@RrtIy befRre t@e drRNe starts tR desceNdY T@e first graU@ CIIustrates @Rw
t@e RSRT c@aNges CN reIatCRN tR t@e drRNe aItCtudeY At grRuNd IeveI, t@e RSRT Cs abRut
AS20 dBL, w@CIe at t@e flCg@t rRute, at S50 L, t@e RSRT Cs abRut A80 dBLY T@Cs 40 dB
dCffereNce CN URwer LeaNs a S0000 tCLes LRre URwerfuI sCgNaI RN a ICNear scaIeY
Figure 6.1. Pinsiö 4G 150 m measurement.
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T@e LCddIe graU@ s@Rws RSR[ c@aNges durCNg t@e flCg@tY DCsregardCNg a few sUCGes
w@eN t@e drRNe Cs asceNdCNg aNd desceNdCNg, t@e sCgNaI \uaICty reLaCNs reIatCveIy cRNstaNt
t@rRug@Rut t@e LeasureLeNtY T@e Iast graU@ dCsUIays TCB c@aNges, t@at Cs, @aNdRvers,
durCNg t@e LeasureLeNtY T@e UE c@aNges betweeN t@ree ceIIs durCNg t@e LCssCRNY
ANRt@er way Rf exaLCNCNg t@e @aNdRvers Cs tR IRRG at a graU@ geNerated by GAMetTracG
TrRY FCgure 6Y2 deUCcts t@e eMB BDs by cRIRr fRr aII t@ree aItCtudesY T@e LaERrCty Rf t@e
tCLe, t@e UE Cs cRNNected tR eMB 2678 VredW, but RN certaCN sectCRNs Rf t@e LRbCICty rRute,
t@e cRNNectCRN c@aNges tR eMB 2264 VgreeNW Rr eMB 2260 VyeIIRwWY T@e cRrresURNdCNg
@aNdRvers at S50 L aItCtude caN be Rbserved CN figure 6YSY
Figure 6.2. Pinsiö 4G eNB connection graph. (Google Earth Pro)
FCgure 6Y3 deUCcts t@e resuIts Rf TCNsCö 3G LeasureLeNts at S00 L aItCtudeY T@e RSCT
dCffereNce betweeN t@e flCg@t aItCtude Rf S00 L aNd grRuNd IeveI Cs abRut 20 dB, t@at Cs, S00
tCLes RN a ICNear scaIeY T@ere are sCgNCficaNt drRUs Rf receCved URwer arRuNd t@e S0:S7
aNd t@e S0:S8 tCLe tCcGsY T@ese cRrresURNd tR t@e @aNdRvers at t@e saLe tCLeY As t@e UE
exUerCeNces a IRss Rf RSCT, Ct CNCtCates a @aNdRver UrRcedureY T@e \uaICty UersCsts betweeN
AS0 dB aNd AS5 dB fRr LRst Rf t@e LeasureLeNtY
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Figure 6.3. Pinsiö 3G 100 m measurement.
Base station locations at mission altitudes
FCgure 6Y4 dCsUIays t@e base statCRNs t@at t@e UE was cRNNected tR at LCssCRN aItCtudes aNd
t@eCr dCstaNce tR t@e LeasureLeNt sCteY T@e fart@est 3G base statCRN Cs abRut 33 GL frRL
t@e LeasureLeNt sCteY
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Figure 6.4. Pinsiö 3G base station distances at flight altitudes. (Karttapaikka)
6.1.2 Valkeakoski
KPI results
FCgure 6Y5a s@Rws t@e resuIts Rf VaIGeaGRsGC 4GLeasureLeNts at S00 L aItCtudeY T@e RSRT
dCffereNce betweeN grRuNd IeveI aNd S00 L Cs abRut S0–20 dBY RSR[ fluctuates accRrdCNg
tR aItCtude aNd @aNdRversY T@e VaIGeaGRsGC 3G S00 L LeasureLeNts are dCsUIayed CN
figure 6Y5bY ReceCved sCgNaI streNgt@ CNcreases aNd sCgNaI \uaICty decreases CN accRrdaNce
wCt@ t@e UE aItCtudeY
Base station locations at mission altitudes
FCgure 6Y6 reUreseNts t@e 4G base statCRN IRcatCRNs t@at t@e UE was cRNNected tR at LCssCRN
aItCtudesY T@e furt@erLRst base statCRN Cs abRut S4 GL frRL t@e LeasureLeNt sCteY
Base station locations at the ground level
FCgure 6Y7 deUCcts t@e 4G base statCRN IRcatCRN t@at t@e UE was cRNNected tR at t@e grRuNd
IeveIY SCNce t@e Nearby base statCRN Cs sR cIRse tR t@e LeasureLeNt sCte, Ct RverURwers aNy
Rt@er sCgNaI frRL Rt@er base statCRNsY DeUeNdCNg RN t@e ceIIuIar NetwRrG UaraLeters, UEs
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wCII RNIy detect ceIIs t@at are wCt@CN a certaCN t@res@RId Rf t@e servCNg ceII receCved URwerY
T@Cs cRLUarCsRN betweeN grRuNd IeveI aNd flCg@t aItCtude gCves sRLe CNdCcatCRN abRut t@e
CNcreased sCgNaI raNgeY
(a) Valkeakoski 4G 100 m measurement. (b) Valkeakoski 3G 150 m measurement.
Figure 6.5. Valkeakoski measurements.
Figure 6.6. Valkeakoski 4G base station distances at flight altitudes. (Karttapaikka)
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Figure 6.7. Valkeakoski 4G base station distances at ground level. (Karttapaikka)
6.1.3 Orivesi
KPI results
FCgure 6Y8a UreseNts t@e resuIts Rf QrCvesC 3G LeasureLeNts at S50 LY At S0:02, after
severaI @aNdRvers, t@e sCgNaI URwer starts tR drRU drastCcaIIyY A few secRNds befRre S0:04,
t@e cRNNectCRN returNs tR t@e UrevCRus IeveIY T@Cs CNdCcates t@at t@e drRNe LRbCICty rRute
caN @ave a sCgNCficaNt effect RN t@e FTB UaraLeters due tR aNteNNa UatterNsY SCgNaI \uaICty
deterCRrates RNIy sICg@tIy as a resuIt Rf t@e UE aItCtude CNcreaseY CRNverseIy, t@e QrCvesC
2G LeasureLeNt at 50 L, as deUCcted CN figure 6Y8b, s@Rws a very stabIe cRNNectCRN tR
a sCNgIe base statCRNY T@e dRwNICNG receCved URwer CNcreases frRL A85 dBL tR A55 dBL
as t@e drRNe asceNts tR 50 LY Because t@e IRcatCRN Rf 2G base statCRNs Cs scarcer t@aN CN
3G Rr 4G, t@e aLRuNt Rf base statCRNs t@e UE cRNNects tR Cs usuaIIy very ICLCtedY BN t@Cs
LeasureLeNt, t@ere are NR @aNdRvers w@atsReverY
Base station locations at mission altitudes
FCgure 6YO dCsUIays t@e varCRus UKTS base statCRNs Rbserved at flCg@t aItCtudesY BN addCtCRN
tR t@e cIRse by MRde Bs, t@e UE was cRNNected tR a base statCRN Rver SS GL away frRL t@e
LeasureLeNt URCNtY
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(a) Orivesi 3G 150 m measurement. (b) Orivesi 2G 50 m measurement.
Figure 6.8. Orivesi measurements.
Figure 6.9. Orivesi 3G base station distances at flight altitudes. (Karttapaikka)
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6.1.4 Nokia
KPI results
T@e MRGCa 4G LeasureLeNts, deUCcted CN figure 6YS0a, were NRtabIeY BNstead Rf CNcreased
RSRT IeveIs, ICGe wCt@ t@e UrevCRus resuIts, t@e sCgNaI URwer reLaCNed t@e saLe Rr eveN
decreased wCt@ CNcreased UE aItCtudeY DesUCte a few @aNdRvers, t@e receCved URwer stayed
URRr durCNg t@e flCg@tY ?Rwever, t@e sCgNaI \uaICty be@aved sCLCIarIy tR UrevCRus LeasureA
LeNts, t@at Cs, Ct decICNed at flCg@t aItCtudesY T@e CNcreased NuLber Rf vCsCbIe base statCRNs
at LCssCRN aItCtudes causes LRre CNterfereNce t@us IRwerCNg t@e sCgNaI \uaICtyY T@e resuIts
were sCLCIar wCt@ t@e Rt@er eIevatCRN IeveIs as weIIY T@e 3G resuIts at 50 L, s@RwN CN
figure 6YS0b, fRIIRwed a LRre faLCICar UatterNY T@e RSCT CNcreased abRut 20 dB at t@e
flCg@t aItCtudeY
T@ese resuIts CNdCcate t@at base statCRN aNteNNa dCrectCRN aNd dRwN tCIt caN @ave a drastCc
effect RN t@e receCved URwerY BNevCtabIy, t@ere are gRCNg tR be a few IRcatCRNs w@ere aN
CNcreased UE @eCg@t wCII NRt @ave a sCgNCficaNt CLUact RN t@e sCgNaI URwerY ?Rwever, based
RN Rur LeasureLeNts, t@ese sCtuatCRNs are \uCte rareY
(a) Nokia 4G 150 m measurement. (b) Nokia 3G 50 m measurement.
Figure 6.10. Nokia measurements.
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Base station locations at mission altitudes
FCgure 6YSS LarGs t@e 3G base statCRNs aNd t@eCr dCstaNces tR t@e LeasureLeNt sCteY Qf
NRte Cs t@e 3O GL dCstaNce tR t@e fart@est base statCRNY
Figure 6.11. Nokia 3G base station distances at flight altitudes. (Karttapaikka)
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6.1.5 Savonkylä
KPI results
As evCdeNced by figure 6YS2, t@e SavRNGyIä 4G S00 LeasureLeNt Cs sRLew@at sCLCIar tR
t@e MRGCa case, w@ere t@e RSRT dRes NRt c@aNge wCt@ aItCtudeY ?Rwever, CN t@Cs case, t@ere
are sectCRNs Rf t@e drRNes LRbCICty rRute, w@ere t@e sCgNaI URwer raCses abRut 30 dBY T@ere
are a IRt Rf @aNdRvers durCNg t@e flCg@tY
Figure 6.12. Savonkylä 4G 50 m measurement.
Base station locations at mission altitudes
T@e UE was cRNNected tR severaI HTE base statCRNs at LCssCRN aItCtudesY FCgure 6YS3 s@Rws
RNIy t@e t@ree furt@est RNesY
Base station locations at the ground level
T@e base statCRNs t@at t@e UE was cRNNected at grRuNd IeveI are CIIustrated CN figure 6YS4Y
T@e LaxCLuL dCstaNce Cs 8 GL RN t@e grRuNd w@CIe CN t@e aCr, t@e dCstaNce tR t@e fart@est
base statCRN Cs 30 GLY BN t@Cs case, t@e sCgNaI raNge CNcrease by Rver 20 GLY
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Figure 6.13. Savonkylä 4G base station distances at flight altitudes. (Karttapaikka)
Figure 6.14. Savonkylä 4G base station distances at ground level. (Karttapaikka)
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6.2 Analysis
T@e LeasureLeNt resuIts @ave beeN aNaIyzed usCNg fRur crCterCaY SCgNaI URwer cRLUarCsRN
exaLCNes t@e dCffereNces Rf dRwNICNG receCved URwer at grRuNd IeveI aNd at LCssCRN aItCtudesY
SCgNaI \uaICty cRLUarCsRN dRes t@e saLe fRr t@e varCRus \uaICty FTBsY SCgNaI raNge
cRLUarCsRN uses t@e Leasured base statCRN dCstaNces tR draw cRNcIusCRNs Rf sCgNaI cRverageY
ANd fiNaIIy, detected HTE NeCg@bRur ceIIs aNaIyses t@e effect Rf UE aItCtude RN detected
base statCRNsY AddCtCRNaIIy, t@Cs sectCRN addresses, @Rw t@e LeasureLeNts cRrreIate wCt@
t@e t@eRretCcaI Uat@ IRss LRdeIsY
6.2.1 Signal power comparison
T@e LRst sCgNCficaNt factRr tR aNaIyse Cs t@e receCved URwer because Ct cRrreIates wCt@
sCgNaI raNgeY T@e average resuIts fRr aII t@e aItCtudes are reURrted CN tabIes 6Y2, 6Y3, aNd
6Y4Y T@e fiNaI cRIuLN, Air, Cs t@e average Rf aII t@e LCssCRN aItCtude resuItsY TabIe 6Y5
cRLUares t@e average receCved URwer betweeN t@e grRuNd IeveI aNd aII t@e flCg@t aItCtudes
CN decCbeIs, t@at Cs, t@e Ground aNd Air cRIuLNs, resUectCveIyY BN tabIe 6Y5, a URsCtCve
vaIue LeaNs t@at t@e sCgNaI URwer Cs @Cg@er CN t@e aCr aNd vCce versaY T@ese resuIts @ave
beeN RbtaCNed by cRLbCNCNg t@e grRuNd aNd t@e aCr LeasureLeNt resuIts CNtR twR seUarate
vectRrsY T@ese vectRrs were t@eN cRNverted tR absRIute URwer vaIues, averaged, aNd t@eN
cRNverted bacG tR decCbeIsY T@e cRLUarCsRN Cs t@eN caIcuIated as fRIIRws: Average receCved
URwer cRLUarCsRN = Average sCgNaI URwer CN t@e aCr A Average sCgNaI URwer RN t@e grRuNdY
UsCNg t@e TCNsCö 4G resuIt as aN exaLUIe, a 36 dB @Cg@er sCgNaI URwer CN t@e aCr LeaNs a
4000 tCLes @Cg@er URwer RN a ICNear scaIeY TR exaLCNe t@e effect t@Cs URwer CNcrease @as
RN sCgNaI raNge, freeAsUace Uat@ IRss caN be used as a t@eRretCcaI exaLUIeY T@e dCstaNce
Uart Rf t@e FSTH e\uatCRN CN 3YS Cs:
20 ⋅ IRg10(𝑑GL) .
CRNse\ueNtIy, dRubICNg t@e dCstaNce 𝑑GL, resuIts CNtR a 6 dB CNcrease CN t@e RveraII Uat@
IRssY Furt@erLRre, Uat@ IRss caN aIsR be defiNed as:
𝑃𝐿 = 𝐸𝐼𝑅𝑃 − 𝑅𝑆𝑅𝑃 .
w@Cc@ LeaNs t@at t@e @Cg@er t@e RSRT, t@e sLaIIer t@e Uat@ IRssY EsseNtCaIIy, a @Cg@er
RSRT aIIRws fRr a @Cg@er base statCRN dCstaNce wCt@ t@e saLe Uat@ IRssY As a resuIt, a 36 dB
@Cg@er RSRT aIIRws fRr a t@eRretCcaI 2(36/6) = 26 = 64 LuItCUIe tR t@e sCgNaI raNgeY A 64
tCLes @Cg@er raNge Cs NRt reaICstCc, but a LRre reasRNabIe LuItCUIe Rf S0 tR t@e sCgNaI raNge,
@Rwever, Cs UractCcaI CN a reaI wRrId sceNarCRY T@e base statCRN dCstaNce resuIts, dCscussed
CN c@aUter 6Y2Y3, are CN accRrdaNce wCt@ t@ese caIcuIatCRNsY
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As UrevCRusIy LeNtCRNed, t@ese resuIts caN NRt be dCrectIy cRLUared, sCNce t@ey @ave beeN
cRIIected wCt@ vastIy dCffereNt cRNdCtCRNsY ?Rwever, geNeraIIy sUeaGCNg, usCNg aN eIevated
UE caN resuIt CNtR a 20–30 dB CNcrease CN sCgNaI streNgt@Y KRreRver, aILRst acrRss t@e
bRard, t@e @Cg@est average receCved URwer Cs at t@e 50 L aItCtudeY T@Cs Cs LRst ICGeIy as a
resuIt Rf t@e aNteNNa @eCg@ts aNd aNteNNa dRwN tCIt at ruraI areasY
Table 6.2. Average RSRP values at ground level and at mission altitudes (dBm).
RSRP (dBm)
Location Ground 50 m 100 m 150 m Air
TCNsCö ASS3YO0 A76Y23 A78YS0 A7OY8 A77Y82
VaIGeaGRsGC AS0SYS0 A8SY77 A84Y55 A82Y76 A82Y88
QrCvesC AS03YO8 A74Y40 A75YSO A77Y43 A75Y48
MRGCa AO5Y36 AOOY48 AO6Y53 AO6YS7 AO7YS7
SavRNGyIä AS07Y82 A87YO8 AS04Y63 A85YS4 A87YO3
Table 6.3. Average RSCP values at ground level and at mission altitudes (dBm).
RSCP (dBm)
Location Ground 50 m 100 m 150 m Air
TCNsCö AO8Y7O A65Y83 A68Y8O A7SY77 A68YS
VaIGeaGRsGC A85YO7 A67YOS A68Y37 A68Y86 A68Y36
QrCvesC A8OY33 A60YO6 A63Y73 A6OY67 A63Y55
MRGCa A82Y25 A63Y86 A72Y07 A73YS7 A67Y63
SavRNGyIä AO0Y6O A6SY3O A62Y6O A63YOO A62Y5S
Table 6.4. Average RX level values at ground level and at mission altitudes (dBm).
RX level (dBm)
Location Ground 50 m 100 m 150 m Air
TCNsCö A8OY07 A52Y62 A54Y06 A54Y3O A53Y6S
VaIGeaGRsGC A83Y4S A67Y72 A68YS3 A70YS7 A68Y52
QrCvesC A85Y0S A56Y56 A58Y20 A62Y07 A58Y32
MRGCa A8SY33 A64Y0S A62Y25 A64YS2 A64Y37
SavRNGyIä A8OYOS A58Y2O A5OY88 A62Y36 A5OYO2
Table 6.5. Average received power comparison between ground level and at mission
altitudes (dB).
Location LTE (dB) UMTS (dB) GSM (dB)
TCNsCö 36Y08 30Y6O 35Y46
VaIGeaGRsGC S8Y22 S7Y6S S4Y8O
QrCvesC 28Y50 25Y78 26Y6O
MRGCa ASY8S S4Y62 S6YO6
SavRNGyIä SOY8O 28YS8 2OYOO
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6.2.2 Signal quality comparison
T@e average RSR[ aNd Ec/M0 vaIues are ICsted CN tabIes 6Y6, aNd 6Y7Y TabIe 6Y8 s@Rws
t@e RSR[ aNd Ec/M0 cRLUarCsRN betweeN t@e grRuNd aNd t@e aCr LeasureLeNtsY T@e
resuIts @ave beeN RbtaCNed wCt@ t@e saLe Let@Rd as t@e UrevCRusIy UreseNted sCgNaI URwer
cRLUarCsRNY A NegatCve vaIue CNdCcates t@at t@e sCgNaI \uaICty was wRrse CN t@e aCr t@aN RN
t@e grRuNdY T@e TCNsCö resuIts are NRtabIe, sCNce t@e \uaICty gRt better CN t@e aCr fRr bRt@
t@e 4G aNd t@e 3G casesY GeNeraIIy sUeaGCNg, t@e sCgNaI \uaICty deterCRrates a few decCbeIs
wCt@ t@e rCse Rf aItCtudeY T@Cs Cs caused by t@e CNcreased CNterfereNce frRL base statCRNs
t@at @ave a HQS cRNNectCRN tR t@e UE CN t@e sGyY Furt@erLRre, as wCt@ sCgNaI URwer, t@e
@Cg@est aerCaI \uaICty vaIues are at aN aItCtude Rf 50 LY
Table 6.6. Average RSRQ values at ground level and at mission altitudes (dB).
RSRQ (dB)
Location Ground 50 m 100 m 150 m Air
TCNsCö AS3YO7 AOYO2 AS2Y84 AS5Y7O AS2Y24
VaIGeaGRsGC A8Y5S AS2Y73 AS3YS7 AS4YO4 AS3Y50
QrCvesC AOY4S AOYOS AOY86 ASSY45 AS0Y34
MRGCa AS0Y60 AS2YS5 AS7Y74 AS7Y26 AS4YO0
SavRNGyIä AS0Y45 AS3Y38 AS5YO6 AS5Y26 AS4Y65
Table 6.7. Average Ec/N0 values at ground level and at mission altitudes (dB).
Ec/N0 (dB)
Location Ground 50 m 100 m 150 m Air
TCNsCö AS0Y56 A8Y07 AS0Y83 ASSY35 AOY78
VaIGeaGRsGC A3Y76 A8YO6 AS0YO7 AS2Y03 AS0Y47
QrCvesC A5Y46 A5Y03 A7Y68 AS0Y40 A7Y20
MRGCa AS0YSO AS0YSS AS0Y47 AS2Y6S AS0YO4
SavRNGyIä A6Y50 A6Y25 A7Y56 AOYOS A7Y5O
Table 6.8. Average signal quality comparison between ground level and at mission
altitudes (dB).
Location LTE (dB) UMTS (dB)
TCNsCö SY73 0Y78
VaIGeaGRsGC A3YS6 A6Y7S
QrCvesC A0YO3 ASY74
MRGCa A4Y30 A0Y75
SavRNGyIä A4Y20 ASY0O
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6.2.3 Signal range comparison
UItCLateIy, t@e UurURse Rf t@Cs t@esCs was tR study @Rw t@e UE aItCtude effects sCgNaI raNgeY
BesCdes t@e raNge caIcuIatCRNs due tR CNcreased sCgNaI streNgt@, aNRt@er way Cs tR exaLCNe
t@e base statCRN dCstaNces t@at t@e UE was cRNNected tRY TabIe 6YO deUCcts t@e dCstaNce tR
t@e furt@est base statCRN t@at t@e UE was cRNNected tR durCNg t@e drRNe LCssCRNsY BN sRLe
cases, t@e sCgNaI Rf t@e Nearby servCNg ceII Cs tRR strRNg fRr t@e UE tR cRNNect tR a fart@er
away base statCRNY ?Rwever, fRr eac@ IRcatCRN, at Ieast RNe dCstaNce greatIy exceeds t@e
dCstaNces t@at are UrRbabIe at t@e grRuNd IeveIY
Table 6.9. Distance to the farthest base station (km).
Location LTE (km) UMTS (km) GSM (km)
TCNsCö 8Y2 33Y2 2Y8
VaIGeaGRsGC S4YS 3Y7 4Y3
QrCvesC 4Y2 SSY6 22YO
MRGCa SSY2 3OY0 7Y7
SavRNGyIä 2OY6 6Y2 S2Y3
6.2.4 Detected neighbour cells
TR furt@er aNaIyse t@e effect Rf UE @eCg@t RN detected base statCRN ceIIs, TCB, TSC, aNd
RXIeveIfuIINeCg@bRr fieIds were exaLCNed fRr HTE, UKTS, aNd GSK, resUectCveIyY T@e
NuLber Rf detected ceIIs @ave beeN seUarated CNtR grRuNd aNd aCr LeasureLeNtsY FRr HTE,
t@e NuLbers s@RwN CN tabIe 6YS0 reUreseNt t@e NuLber Rf detected uNC\ue TCB vaIuesY BN
t@e UKTS resuIts, t@e NuLbers are t@e suL Rf uNC\ue scraLbICNg cRdes CN t@e actCve set
aNd CN t@e detected setY BN t@e case Rf GSK, t@e resuIts are t@e NuLber Rf detected NeCg@bRr
ceIIsY T@e 2G LRbCIe statCRN VKSW LaCNtaCNs a ICst Rf NeCg@bRur ceIIsY T@ese ceIIs aNd t@eCr
receCved URwer LeasureLeNts caN be reURrted tR t@e NetwRrGY
Table 6.10. The number of LTE, UMTS, and GSM detected cells at ground level and at
mission altitudes.
LTE UMTS GSM
Location Ground Air Ground Air Ground Air
TCNsCö 24 S3 2 S2 SS SS
VaIGeaGRsGC S 26 S SO S3 S6
QrCvesC 2 S3 2 6 S0 S0
MRGCa 44 46 4 8 S2 S4
SavRNGyIä 7 66 2 2 S2 S2
T@ere are sCgNCficaNt dCffereNces betweeN t@e LeasureLeNt sCtes CN t@e aLRuNt Rf detected
HTE ceIIsY BN TCNsCö, t@ere are LRre detected TCBs RN t@e grRuNd t@aN CN t@e sGyY BN cRNtrast
tR TCNsCö, t@e aLRuNt Rf detected ceIIs at LCssCRN aItCtudes far exceed t@e resuIts gat@ered
frRL t@e grRuNd IeveI CN VaIGeaGRsGC, QrCvesC, aNd SavRNGyIäY BNterestCNgIy, t@e NuLber
Rf uNC\ue detected ceIIs CN MRGCa Cs abuNdaNt fRr bRt@ grRuNd aNd aCr LeasureLeNtsY T@e
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UKTS NuLbers s@Rw a sCLCIar treNdY At grRuNd IeveI t@ere are RNIy a few ceIIs CN t@e
actCve Rr detected ICstsY ?Rwever, as t@e aItCtude rCses, t@e UE detects addCtCRNaI scraLbICNg
cRdesY T@ere Cs very ICttIe dCffereNce betweeN t@e grRuNd aNd aCr resuIts Rf detected GSK
NeCg@bRur ceIIsY
6.3 Comparison between path loss models and measurement
results
FCgure 6YS5 aNd figure 6YS6 s@Rws a cRLUarCsRN betweeN t@e Uat@ IRss LRdeIs aNd t@e
LeasureLeNt resuIts at 𝑓c = 800 K?z aNd 𝑓c = S800 K?z, resUectCveIyY EveN t@Rug@ t@e
LRdCfied QGuLuraA?ata aNd CQST ?ata LRdeIs are NRt suCtabIe fRr t@ese cRNdCtCRNs,
t@ey are s@RwN @ere as a cRLUarCsRNY T@e Uat@ IRss LRdeIs @ave beeN caIcuIated wCt@ t@e
fRIIRwCNg UaraLeters:
𝑑2D = S–30 GL,
ℎBS = 60 L,
ℎUE = S00 L,
𝑓c = 800 K?z Rr S800 K?z, aNd
𝐺aNteNNa = S2 dBCY
T@e LeasureLeNt resuIts @ave beeN RbtaCNed frRL HTE LeasureLeNts at a UE @eCg@t Rf
S00 LY T@ese URCNts were c@RseN frRL dCffereNt sectCRNs Rf t@e drRNe LRbCICty rRute aNd
wCt@ dCffereNt servCNg ceII cRNNectCRNsY T@e Uat@ IRss vaIues @ave beeN retrCeved dCrectIy
frRL t@e LeasureLeNt resuIts aNd t@ey reUreseNt t@e LedCaN vaIue Rf a few TH resuItsY T@e
UE caIcuIates t@e Uat@ IRss based RN t@e base statCRN traNsLCt URwer VreURrted by t@e eMBW
aNd Cts RSRT [S8]Y T@erefRre, Ct dRes NRt CNcIude t@e BS aNteNNa gaCNY FRr t@Cs reasRN, a
S2 dB gaCN @as beeN added tR t@e Leasured Uat@ IRss vaIuesY T@e base statCRN dCstaNces
@ave beeN deterLCNed wCt@ t@e UrevCRusIy descrCbed Let@Rd CNvRIvCNg CeIIKaUUerY
FRr t@e LRst Uart, t@e LeasureLeNt resuIts seeL tR cRrresURNd wCt@ t@e Uat@ IRss LRdeIsY
KRst Rf t@e 800 K?z fre\ueNcy baNd Uat@ IRss resuIts are wCt@CN S0 dB Rf t@e 3GTT LRdeIY
T@ese dCffereNces caN be exUIaCNed by dCffereNt base statCRN aNteNNa @eCg@ts, aNteNNa
UatterNs, traNsLCt URwers, UrRUagatCRN cRNdCtCRNs, aNd NetwRrG UaraLetersY T@ese NetwRrG
cRNfiguratCRNs caN aIsR affect t@e LeasureLeNt resuItsY T@e resuIts frRL base statCRNs t@at
are Rver 25 GL frRL t@e LeasureLeNt sCte, are sICg@tIy LRre CNaccurateY
WCt@ t@e S800 fre\ueNcy baNd, t@e resuIts s@Rw a sCLCIar treNdY KRst Uat@ IRss LeasureA
LeNts reseLbIe t@e Uat@ IRss LRdeIs wCt@ aN Rffset Rf abRut S0 dB Rr IessY EveN wCt@
t@e ICLCted saLUIe sCze aNd certaCN CNaccuracCes, t@ese resuIts s@Rw t@at t@e UrRUagatCRN
cRNdCtCRNs at t@ese BS aNd UE @eCg@ts reseLbIe t@e 3GTT LRdeI wCt@ HQS cRNdCtCRNsY
AddCtCRNaIIy, wCt@ t@ese UaraLeters, t@e 3GTT LRdeI aILRst UaraIIeIs t@e FSTH LRdeIY
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Figure 6.15. Comparison between path loss models and LTE measurement results when
𝑓c = 800 MHz.
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Figure 6.16. Comparison between path loss models and LTE measurement results when
𝑓c = 1800 MHz.
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7. CONCLUSION
T@Cs t@esCs exaLCNed t@e use Rf a drRNe CN exteNdCNg ceIIuIar cRverage CN eIectrCcaI grCd
dCsturbaNce sceNarCRsY T@e LaCN fRcus was RN ceIIuIar NetwRrG LeasureLeNts but tR
aIsR study t@e feasCbCICty Rf t@Cs ad @Rc drRNe access URCNtY T@e Gey researc@ gRaI was tR
deterLCNe t@e effect Rf UE aItCtude RN sCgNaI streNgt@, sCgNaI \uaICty, aNd sCgNaI raNgeY TR
ac@Ceve t@Cs, severaI aerCaI LeasureLeNts were cRNducted CN five IRcatCRNsY
T@e resuIts CNdCcate t@at aN CNcrease CN UE aItCtude dRes @ave a sCgNCficaNt effect RN ceIA
IuIar NetwRrG FTB UaraLetersY BN t@e aCr, t@e dRwNICNG receCved sCgNaI streNgt@ CNcreases
20–30 dB cRLUared tR t@e grRuNd IeveIY CRNse\ueNtIy, t@Cs CNcrease CN URwer aIsR affects
sCgNaI raNgeY T@e UE was abIe tR estabICs@ a cRNNectCRN tR base statCRNs teNs Rf GCIRLetres
away frRL t@e LeasureLeNt sCteY T@Cs LeaNt t@at t@e eIevated UE was abIe tR ac@Ceve a
sCgNCficaNtIy @Cg@er sCgNaI raNge cRLUared tR t@e grRuNd IeveIY ?Rwever, due tR a @Cg@
UrRbabCICty Rf HQS cRNNectCRNs tR severaI base statCRNs, t@e UE suffers frRL CNcreased
CNterfereNce, resuItCNg CN a wRrse sCgNaI \uaICty Rf a few decCbeIsY AddCtCRNaIIy, t@e resuIts
suggest t@at t@e best cRNNectCRN CN terLs Rf sCgNaI streNgt@ aNd sCgNaI \uaICty Cs at aN aItCtude
Rf 50 LY At t@Cs aItCtude, t@e UE Cs cIRse tR t@e BS aNteNNa @eCg@t but abRve t@e tree tRUs,
resuItCNg CN t@e LRst RUtCLaI UrRUagatCRN cRNdCtCRNsY
MRNet@eIess, t@ese resuIts @ave beeN RbtaCNed CN NRrLaI cRNdCtCRNs, w@ere t@e ceIIuIar
NetwRrG Cs RUeratCNg wCt@Rut aNy dCsruUtCRNsY BN dCsturbaNce sceNarCRs, wCt@ URssCbIe
dCsruUtCRNs tR ceIIuIar cRverage, t@e resuIts LCg@t be dCffereNtY KRreRver, t@e Let@RdRIRgy
cRNcerNCNg base statCRN IRcatCRNs aNd t@eCr dCstaNces Cs sRLew@at CNaccurateY Because t@e
IRcatCRNs @ad tR be deterLCNed usCNg t@Crd Uarty tRRIs, t@ere Cs a URssCbCICty Rf sLaII errRrsY
Mevert@eIess, t@e t@eRry be@CNd t@Cs sRIutCRN Cs sRuNd aNd t@e resuIts are \uCte cRNcIusCveY
Better UrRUagatCRN cRNdCtCRNs resuIt CN a @Cg@er sCgNaI streNgt@ w@Cc@ CN turN aIIRws fRr a
IRNger sCgNaI raNgeY
Based RN t@e resuIts, t@e use Rf drRNes tR eNabIe a ceIIuIar cRNNectCRN durCNg dCsturbaNce
sceNarCRs Cs a feasCbIe RUtCRN tR exUIRre fRr dCstrCbutCRN systeL RUeratRrsY TRteNtCaIIy, t@Cs
sRIutCRN wRuId save tCLe aNd LRNey durCNg dCsturbaNce sceNarCR reUaCr effRrtsY Due tR
t@e fact t@at t@e DSQs are aIready exUerCLeNtCNg usCNg drRNes CN eIectrCcaI grCd reUaCr aNd
LaCNteNaNce RUeratCRNs, t@Cs use case cRuId streNgt@eN t@e case Rf usCNg drRNes as a @eIUfuI
tRRIY ?Rwever, t@e wCdesUread utCICsatCRN Rf drRNes wRuId re\uCre addCtCRNaI CNvestLeNts
CN e\uCULeNt, traCNCNg, aNd LaCNteNaNceY Furt@erLRre, dCsturbaNce sceNarCRs @aUUeN sR
rareIy t@at t@ese exUeNses LCg@t NRt be cRstAeffectCveY
Furt@er researc@ RN t@Cs subEect s@RuId CNcIude usCNg a dedCcated access URCNt LRuNted
tR t@e drRNe CNstead Rf a ceII U@RNeY AddCtCRNaIIy, a NetwRrG scaNNer wRuId UrRvCde LRre
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cRLUre@eNsCve resuIts cRLUared tR a LRbCIe U@RNeY ANRt@er RUtCRN Cs tR use dCrectCRNaI
aNteNNas tR decrease CNterfereNce tR Rt@er UEsY AIsR, t@e effect Rf raCN, wCNd, Rr IRw
teLUeratures tR t@e feasCbCICty Rf t@Cs sRIutCRN cRuId be aNaIysedY QveraII, t@e w@RIe
cRNceUt Rf usCNg a drRNe as a teLURrary way tR UrRvCde cRNNectCvCty Rr CNcrease caUacCty
cRuId be exUIRred CN NaturaI dCsasters sCtuatCRNs, @CGCNg, festCvaIs, Rr cRNcertsY ?Rwever,
sCNce usCNg a radCR traNsLCtter CN t@e aCr aNd flyCNg beyRNd vCsuaI ICNeARfAsCg@t drRNe
LCssCRNs re\uCre t@e aUUrRUrCate UerLCts, t@Cs LCg@t @CNder t@e use Rf drRNes as access
URCNts fRr DSQs aNd Rt@er staGe@RIdersY
CIearIy, t@e future Rf drRNe cRNNectCvCty Cs usCNg ceIIuIar NetwRrGs fRr drRNe cRLLaNd aNd
cRNtrRI fuNctCRNaICtyY CRNsCderabIe aLRuNt Rf researc@ effRrt @as beeN fRcused CNtR HTE
cRNNectCvCty fRr drRNesY ECt@er LaNuaIIy cRNtrRIIed Rr autRNRLRus BVHQS use cases are
crucCaI tR LaNy CNdustrCesY Because ceIIuIar NetwRrG cRNNectCvCty Cs aILRst ubC\uCtRus, t@ere
wRuId be NR raNge ICLCtatCRNs as Cs t@e case wCt@ reguIar reLRte cRNtrRIIersY AddCtCRNaIIy,
t@e use Rf LRbCIe NetwRrGs wRuId UrRvCde a secure wCreIess cRNNectCvCty tR CNcrease t@e
safety aNd reICabCICty Rf drRNe RUeratCRNsY
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APPENDIX A: FULL MEASUREMENT RESULTS
Pinsiö
(a) 4G 150 m. (b) 4G 100 m. (c) 4G 50 m.
(d) 3G 150 m. (e) 3G 100 m. (f) 3G 50 m.
(g) 2G 150 m. (h) 2G 100 m. (i) 2G 50 m.
Pinsiö measurement results.
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Valkeakoski
(a) 4G 150 m. (b) 4G 100 m. (c) 4G 50 m.
(d) 3G 150 m. (e) 3G 100 m. (f) 3G 50 m.
(g) 2G 150 m. (h) 2G 100 m. (i) 2G 50 m.
Valkeakoski measurement results.
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Orivesi
(a) 4G 150 m. (b) 4G 100 m. (c) 4G 50 m.
(d) 3G 150 m. (e) 3G 100 m. (f) 3G 50 m.
(g) 2G 150 m. (h) 2G 100 m. (i) 2G 50 m.
Orivesi measurement results.
Appendix A: Full measurement results 6S
Nokia
(a) 4G 150 m. (b) 4G 100 m. (c) 4G 50 m.
(d) 3G 150 m. (e) 3G 100 m. (f) 3G 50 m.
(g) 2G 150 m. (h) 2G 100 m. (i) 2G 50 m.
Nokia measurement results.
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Savonkylä
(a) 4G 150 m. (b) 4G 100 m. (c) 4G 50 m.
(d) 3G 150 m. (e) 3G 100 m. (f) 3G 50 m.
(g) 2G 150 m. (h) 2G 100 m. (i) 2G 50 m.
Savonkylä measurement results.
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APPENDIX B: DRONE SAFETY GUIDELINES AND
PREFLIGHT CHECKLIST
Project DENCO Drone Safety Guidelines and Preflight ChecklistS
Area and Environment
• QNIy fly CN RUeN areasY
• C@ecG fRr cabIes, URwer ICNes, trees, bRdCes Rf water, Rr Rt@er RbstacIes Near t@e flCg@t
rRuteY
• KaGe sure t@ere are NR UeRUIe Rr aNCLaIs CN t@e vCcCNCtyY
• ResUect Rt@er UeRUIe’s UrCvacyY
• ENsure t@at t@e UCIRt Rr sURtter caN LaCNtaCN a vCsuaI ICNe Rf sCg@t tR t@e drRNe at aII
tCLesY
• C@ecG fRr aN aIterNatCve/eLergeNcy IaNdCNg sCte CN case t@e UrCLary HZ gets cRLUrRA
LCsedY
• KaGe sure t@e taGeARff/IaNdCNg URCNt @as eNRug@ sUace tR IaNd t@e drRNe safeIyY CIear
debrCs aNd vegetatCRN Cf NecessaryY
• QNIy fly CN gRRd weat@er cRNdCtCRNs:
– TeLUerature > AS0 degrees CeIsCusY
– WCNd sUeed J S0 L/sY
– CIear vCsCbCICtyY
– AvRCd raCN, sNRw, aNd fRgY
• AvRCd MRAFIy ZRNes aNd restrCcted areasY
• Qbey LaxCLuL flCg@t aItCtude ICLCts: 50 L Near aCrURrts, Rt@erwCse S50 LY
• AIways use vCsCbCICty vests aNd a IaNdCNg UadY
Drone, Remote Controller, and Flight Software
• KaGe a vCsuaI CNsUectCRN Rf t@e drRNe befRre flCg@t:
– C@ecG fRr IRRse screws, wCrCNg, Rr cRNNectCRNsY
– C@ecG t@at t@e UrRUeIIer LRuNts aNd t@e UrRUeIIers are free Rf daLageY
– KaGe sure t@e U@RNe, caLera, aNd batterCes are UrRUerIy seated aNd securedY
• KaGe sure t@at t@e flCg@t aUU cRNNects tR t@e drRNe Vrestart Cf NecessaryWY
• ENsure t@at bRt@ t@e drRNe aNd t@e flCg@t aUU gCve t@e “Ready tR GR VGTSW” sCgNaI
wCt@ greeN CNdCcatRrsY
SAdaUted frRL @ttUs://aCrAvCdYcRL/uavAsafetyAc@ecGICst/ aNd DDB BNsUCre 2 user LaNuaI
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• CaICbrate t@e cRLUass, caLera, Rr BKU Cf NecessaryY
• KaGe sure aII t@e firLware Cs uUAtRAdateY
• QNIy use RNe flCg@t aUU at a tCLeY
• C@ecG t@at aII t@e drRNe, caLera aNd HCtc@C settCNgs are cRrrectY
• KaGe sure t@ere Cs eNRug@ battery URwer CN aII t@e cRLURNeNts befRre taGCNg RffY
• KaGe sure t@e drRNe @as aII t@e Necessary securCty settCNgs turNed RNY
• Try tR avRCd fre\ueNcy cRNflCcts betweeN t@e RC aNd t@e vCdeR traNsLCssCRNY
• AIways turN Rff t@e drRNe befRre detac@CNg t@e U@RNeY
Mission Plan and Contingencies
• TIaN aII LCssCRNs befRre@aNd aNd c@ecG t@eCr feasCbCICty wCt@ GRRgIe Eart@ Rr VCrtuaI
HCtc@C KCssCRNY
• BefRre executCNg a LCssCRN, fly a s@Rrter test LCssCRNY
• C@ecG t@at t@ere are NR New RbstacIes CN t@e flCg@t Uat@ t@at were NRt vCsCbIe CN t@e
UIaNNCNg stageY
• AIways start autRLated LCssCRNs w@CIe CN t@e aCrY
• Assess t@e LCNCLuL safe aItCtude Rf t@e UIaNNed rRute Cf t@ere are uNfRreseeN RbstacIesY
• Try tR execute t@e LCssCRNs CN a way t@at t@e drRNe wCII @ave LRre t@aN 20X battery
after cRLUIetCNg t@e Iast LCssCRN wCt@ a UaCr Rf batterCesY
• ReLeLber tR accRuNt fRr t@e tCLe VaNd battery ICfeW flyCNg tR t@e first wayURCNt aNd
flyCNg @RLe frRL t@e Iast wayURCNtY
• Set aUUrRUrCate cruCsCNg sUeed, LaxCLuL sUeed, RT? aItCtude aNd LaxCLuL aItCtude
esUecCaIIy Cf flyCNg CN aN area restrCcted tR 50 LY
• Bf Necessary, LaGe adEustLeNts tR t@e LCssCRNs at sCteY
• T@CNgs t@at affect flCg@t tCLe: weCg@t Rf t@e drRNe, wCNd sUeed, teLUerature, aNd flCg@t
aItCtudeY
• HCtc@C CNCtCates a RT? at 20X battery VcaN be caNceIIedW aNd trCes tR IaNd at t@e curreNt
sURt at S0X battery VcaN stCII be cRNtrRIIedWY
In-flight
• KaGe a DrRNeCNfR aNNRuNceLeNt befRre taGCNg RffY
• AIways GeeU yRur fiNgers RN t@e RCY
• Mever Iet t@e drRNe Rut Rf yRur sCg@tY
• FeeU t@e drRNe at a safe RUeratCNg dCstaNce frRL UeRUIe, trees, URwer ICNes, aNd
buCIdCNgsY
• BN t@e case Rf aN eLergeNcy, systeL faCIure, Rr degraded UerfRrLaNce:
– BLLedCateIy, try tR fiNd a safe UIace tR IaNdY
– Try tR regaCN LaNuaI cRNtrRI Rf t@e drRNe Rr CNCtCate ReturN tR ?RLe VRT?W Cf
NecessaryY
– BN t@e case Rf aN autRLated LCssCRN, Uause t@e LCssCRN wCt@ t@e Uause buttRN RN
t@e RC, Rr stRU t@e LCssCRN by c@aNgCNg t@e flCg@t LRde frRL T tR SY
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– UsuaIIy, t@e safest dCrectCRN tR dRdge aN RbEect Cs tR fly straCg@t uUY
– W@eNever aNyRNe VUCIRt Rr sURtterW NRtCces a UrRbIeL, t@at UersRN s@RuId caII Ct
Rut wCt@ “STQT”, “SEBS”, Rr sRLet@CNg Rf t@at sRrt tR aIert t@e Rt@ersY
• Bf Ct’s aUUareNt t@at t@e batterCes wCII gR beIRw 20X befRre t@e LCssCRN Cs cRLUIete,
abRrt t@e LCssCRN by taGCNg LaNuaI cRNtrRI aNd IaNd t@e drRNeY
Technical details
• BNsUCre 2 RUeratCNg teLUerature: A20° tR 40° CY
• BTad KCNC RUeratCNg teLUerature: 0° CY
• BNsUCre 2 Lax taGeARff WeCg@t: 4000gY
• Kax wCNd sUeed resCstaNce: S0 L/sY
Troubleshooting
• C@aNge GCLbaI tR Free KRde VArrRw URCNtCNg NRrt@eastWY
• C@ecG t@at KaCN CRNtrRIIer settCNgs > AdvaNced SettCNgs > SeNsCtCvCty > GCLbaI Yaw
SLRRt@Ness Cs set tR 0A30Y
• BN case Rf cRNNectCvCty Cssues, restart everyt@CNg CN t@Cs Rrder: RC, drRNe, flCg@t aUUY
• Bf t@e RC GeeUs beeUCNg VaNd bICNGCNg a red ICg@tW, try caICbratCNg t@e RC CN t@e DDB
GR 4 aUUY
• Bf t@e flCg@t aUU @as cras@ed Rr frRzeN, try t@e fRIIRwCNg:
SY DCscRNNect t@e USB cabIeY
2Y FRrce cIRse t@e aUUY
3Y RecRNNect t@e USB cabIeY
4Y RuN t@e aUUY
5Y VTurN t@e reLRte Rff aNd RNWY
Preflight checklist
• DrRNeCNfR flCg@t aNNRuNceLeNtY
• BNsert t@e batterCes tR t@e drRNe VreLRve UCN cRversWY
• Tress t@e URwer buttRN 5 tCLes tR eNter HaNdCNg KRdeY
• TRwer Rff drRNeY
• Attac@ t@e S8 LRuNtY
• KRuNt t@e S8 Vt@e IRcG faces t@e caLeraWY
• KRuNt t@e caLera VreLRve t@e caU frRL t@e caLera aNd t@e drRNe, Uress t@e detac@
buttRN, aICgN w@Cte aNd red, rRtate red tR red tR IRcGY
• Attac@ UrRUeIIers VaICgN red tR red, CNsert UrRUeIIer, Uus@ aNd turN uNtCI IRcGedWY
– C@ecG t@at aII t@e UrRUeIIers are firLIy attac@edY
• CRNNect t@e CTad tR t@e RCY
• AdEust t@e RC aNteNNa aNgIe V2,4G?z: 60 degrees, 5,8G?z: O0 degreesWY
• TRwer t@e RCY
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• TRwer t@e drRNeY
• HauNc@ DDB GR 4/HCtc@C AUUY
– VTerfRrL cRLUass caICbratCRN VcICcG status bar, greeN ICg@t CNdCcates successWWY
– VTerfRrL BKU caICbratCRN VKaCN CRNtrRIIer SettCNgs A AdvaNced SettCNgs A SeNA
sRrsWWY
– VAutR GCLbaI caICbratCRN VGeNeraI settCNg A GCLbaI settCNgsWWY
• C@ecG t@at everyt@CNg Cs gRRd tR gR:
– DDB GQ 4 AUU/HCtc@C: Ready tR GR VGTSWY
– DrRNe: SIRw greeN flas@CNg = TALRde wCt@ GTSY
67
APPENDIX C: INTERVIEW SCRIPT
SY State yRur NaLe, tCtIe, aNd cRLUaNy NaLe UIease]
2Y ?Rw dRes yRur cRLUaNy utCICse drRNes CN eIectrCcaI grCd reUaCr Rr CNsUectCRN RUeraA
tCRNs]
3Y A tree @as faIIeN Rver aN Rver@ead URwer ICNeY ?Rw dRes t@e reUaCr UrRcess UrRceed
frRL t@e drRNe use RvervCew]
4Y Are drRNes used tR assess t@e daLage CN addCtCRN tR IRcatCNg t@e reUaCr URCNt]
5Y ?Rw are t@e U@RtRgraU@s t@at t@e drRNe taGes utCICsed]
6Y Are t@e U@RtRs Eust fRr t@e use Rf t@e reUaCr crew Rr are t@ey seNt tR t@e cRNtrRI ceNter
fRr aNaIysCs]
7Y ?Rw LaNy UeRUIe beIRNg tR t@e drRNe reUaCr crew]
8Y ?Rw IRNg dRes aN average reUaCr ERb taGe]
OY W@at GCNd Rf drRNe LRdeI are yRu usCNg]
S0Y DRes t@e reUaCr wRrGers re\uCre a cRNstaNt cRNNectCRN tR t@e cRNtrRI ceNter]
SSY ?ave yRu exUerCeNced sCtuatCRNs, w@ere t@e ceIIuIar NetwRrG base statCRNs are CNRUerA
abIe aNd t@e reUaCr wRrGers @ave tR fiNd a wRrGCNg cRNNectCRN by car]
S2Y ?ave t@ere beeN aNy atteLUts tR sRIve t@Cs UrRbIeL]
S3Y T@Cs UrREect exaLCNes usCNg a drRNe as a LRbCIe access URCNt tR eNabIe a LRbCIe
cRNNectCRN frRL t@e reUaCr sCteY DR yRu see aNy UrRbIeLs wCt@ t@Cs sRIutCRN]
S4Y ?ave t@e reUaCr wRrGers gRt aNy drRNe traCNCNg]
S5Y Are t@ere aNy UIaNs fRr traCNCNg CN t@e future]
S6Y DR t@e reUaCr crew @ave aNy UrecRNceUtCRNs tRwards drRNes]
S7Y EIeNCa @as Cssued aN CNceNtCve fRr t@e use Rf drRNes CN eIectrCcaI grCd LaCNteNaNce
wRrGY ?Rw effectCve @as t@Cs UrRgraL beeN]
S8Y Are t@ere aNy restrCctCRNs t@at UreveNt t@e use Rf drRNes CN certaCN cRNdCtCRNs]
SOY Bs t@e drRNe’s ICLCted flCg@t tCLe aN Cssue]
20Y DR t@e cars @ave a way tR c@arge t@e drRNe batterCes]
2SY W@at Cs t@e LCNCLuL dCstaNce betweeN t@e drRNe aNd t@e URwer ICNe]
22Y DR yRu fly Rver t@e URwer ICNe Rr Next tR Ct]
23Y DRes t@e exCstCNg IegCsIatCRN cRNcerNCNg BVHQS flCg@ts restrCct drRNe RUeratCRNs]
24Y ?ave yRu tested autRNRLRus drRNe flCg@ts]
25Y W@at Cs t@e bCggest RbstacIe agaCNst a wCde sUread use Rf drRNes]
26Y ?Rw dR yRu see t@e usefuINess Rf drRNes CN eIectrCcaI grCd reUaCr wRrG] Are t@ey
aIready aN CNdCsUeNsabIe tRRI]
